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Abstract / Resumen 
 

owadays, we are immersed in a full expansion of Nanoscience and 

Nanotechnology (N&N), generating an endless number of nanoparticles 

annually with commercial objectives or by-products of human activity. 

Nevertheless, the mass procuction and growing use in today´s society of nanomaterials 

presents a negative effect due to they can enter in the environment, where interact with 

human and animal health. It is, therefore, necessary to develop methodologies that 

evaluate the possible toxic effects inherent to the nanoparticles that are being 

synthesized at present. Due to this, it is necessary to evaluate its effects for the analytical 

control of compounds with food, environmental, clinical or toxicological interest, but it 

is difficult because the analytical methods and the necessary tools are still in 

development. 

It should be noted that the behavior of nanoparticles in different matrices (food 

between them), is not comparable to other existing compounds due to their properties. 

In addition, currently available toxicological evaluation protocols have not been suitably 

adapted for application to the nanoscale particle field. In conclusion, the study of the 

toxicity of nanomaterials with variable physicochemical properties, as well as their study 

in complex matrices such as food and environmental, requires a great effort today. 

The introduction includes the role played by nanomaterials in the context of Analytical 

Chemistry and the most important basic concepts, in terms of characteristics, 

properties, types and composition, among others. The second part of the Memory 

corresponds to the methodologies used, including all materials and equipment that has 

been used. Third, the achievable scientific results are addressed as a result of the 

development of the experimental works: 

(i) Use of nanomaterials as analytical tools involved to develop new 

methodologies, or improve existing ones, in the sample treatment. Different 

hybrid nanomaterials have been used as extraction sorbents. Thus, various 

carbon structures and metal nanoparticles have been the most studied in this 
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section. Moreover, different synthesis routes have been carried out, 

incorporating the use of supercritical fluids as a reaction medium. 

(ii) Use of nanomaterials as analytical tools for detection. Different types of 

nanostructures have been used, in order to develop simple, fast 

methodologies and avoiding the use of numerous experimental stages, to 

determine different types of analytes in food samples. 

(iii) Nanomaterials considered as analytes in various food samples. This aspect 

constitutes a real challenge in the analytical field and constitutes a very 

important part of interest within analytical nanometrology. 

  



 
 

XI 

ctualmente nos encontramos en plena expansión de la Nanociencia y 

Nanotecnología (N&N), generándose un sinfín de nanopartículas anualmente 

con objetivos comerciales o subproductos de la actividad humana. Sin 

embargo, el uso creciente en la sociedad actual y la producción masiva del uso de 

nanopartículas presentan una faceta negativa ya que son liberadas al medio ambiente 

donde entran en contacto con la salud humana y animal. Por eso, es necesario 

desarrollar nuevas metodologías que evalúen los posibles efectos tóxicos inherentes a 

las nanopartículas que están siendo sintetizadas en la actualidad. Debido a ello, es 

necesario la evaluación de sus efectos para el control analítico de compuestos con 

interés alimentario, medioambiental, clínico o toxicológico, pero resulta difícil ya que los 

métodos analíticos y las herramientas necesarias están todavía en desarrollo. 

Se debe destacar que el comportamiento de las nanopartículas en diferentes matrices 

(alimentos entre ellas) no es comparable al de otros compuestos ya existentes debido a 

las propiedades que presentan. Además, los protocolos de evaluación toxicológica 

disponibles actualmente no han sido convenientemente adaptados para su aplicación al 

ámbito de las partículas a escala nanométrica. Como conclusión, el estudio de la 

toxicidad de los nanomateriales con propiedades fisicoquímicas variables, así como su 

estudio en matrices complejas como alimentarias y ambientales, requiere un gran 

esfuerzo a día de hoy. 

La introducción recoge el papel que juegan los nanomateriales en el contexto de la 

Química Analítica y los conceptos básicos más importantes, en términos de 

características, propiedades, tipos y composición, entre otros. La segunda parte de la 

Memoria corresponde a las metodologías empleadas, incluyendo todos los materiales y 

el equipamiento que se ha utilizado. En tercer lugar, se abordan los resultados científicos 

alcanzables como consecuencia del desarrollo de los trabajos experimentales: 

(i) Empleo de nanomateriales como herramientas analíticas implicados para 

desarrollar nuevas metodologías, o mejorar las ya existentes, en el 

tratamiento de la muestra. Se han empleado diferentes nanomateriales 

híbridos como sorbentes de extracción. Así, diversas estructuras de carbono 

y nanopartículas metálicas han sido las más estudiadas en este apartado. 
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Además, se han llevado a cabo diferentes vías de síntesis, incorporando el 

empleo de fluidos supercríticos como medio de reacción. 

(ii) Uso de nanomateriales como herramientas analíticas para la detección. Se 

han empleado diferentes tipos de nanoestructuras, con el fin de desarrollar 

metodologías simples, rápidas y evitando el uso de numerosas etapas 

experimentales, para determinar diferentes tipos de analitos en muestras de 

alimentos. 

(iii) Nanomateriales considerados como analitos en diversas muestras de 

alimentos. Este aspecto constituye un auténtico reto en el campo analítico y 

constituye una parte muy importante de interés dentro de la nanometrología 

analítica. 
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Aim / Objeto 
 

he general framework of this Doctoral Thesis is to address different strategies 

analyzes from two main aspects: the modification and characterization of 

nanoparticles and, on the other hand, their use as potential analytical tools in 

the field of food control. In this last sense, there are two key aspects in the Nanoscience 

and Analytical Nanotechnology (AN&N). On the one hand, the study of nanomaterials 

as tools for innovation and improvement of processes and, on the other hand, their 

consideration as analites. In addition, there is a third option that involves the use of 

nanoparticles as tools in analytical processes to characterize/determine other 

nanomaterials. 

The main objective of the Doctoral Thesis is the development and validation of new 

analytical procedures, involving nanomaterials for residues control purposes in food 

samples. The specific objectives derived from this general objective are as follows: 

I. Development of new procedures for the synthesis of nanoparticles in a simple, 

economical and environmentally friendly. 

II. Characterization of the new nanoparticles obtained by means of diverse 

microscopic and spectroscopic techniques, in addition to the evaluation of their 

analytical potential as tools for the improvement of the detection and 

determination systems of other nanomaterials. 

III. Development of methodologies for the rapid characterization of nanomaterials, 

both of synthesis products and mixtures of nanoparticles with different 

properties, through the use of spectroscopic and separation techniques. 

IV. Develop new analytical methodologies that involve the use of metallic 

nanoparticles to considerably improve the sensitivity of the detection stage by 

means of Raman spectroscopy. 

V. Development of new analytical methods for the preconcentration, 

determination and quantification of nanomaterials in food samples. 

T 
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The results of the tasks associated with these specific objectives have been presented in 

detail in section 3 of this Memory: (i) synthesis, modification strategies and 

characterization of new nanomaterials, (ii) their application as analytical tools for the 

improvement both in the preparation of the sample and in the detection, in food 

samples and (iii) their consideration as analytes. A discussion of the results has been 

addressed in that section to reach the corresponding conclusions. All have been or are 

being subject to scientific publications in journals collected in the JCR. 

Finally, it is important to remark that this Doctoral Thesis has been developed under the 

research line of the group named ʺSimplification, automatization and miniaturization of 

analytical processes”, which takes place at the University of Castilla-La Mancha 

(Department of Analytical Chemistry and Food Technology, from the Faculty of Sciences 

and Technologies, and the Regional Institute for Applied Scientific Research, IRICA). 

 



Objeto   3 
 

l marco general de la presente Tesis Doctoral es abordar diferentes estrategias 

analíticas desde dos vertientes principales: la modificación y caracterización de 

las nanopartículas y, por otro lado, su empleo como potenciales herramientas 

analíticas en el campo de control alimentario. En este último contexto, existen dos 

vertientes claves en la Nanociencia y Nanotecnología Analítica (AN&N). Por una parte, 

el estudio de los nanomateriales como herramientas para la innovación y mejora de los 

procesos y, por otra parte, su consideración como analitos. Además, existe una tercera 

opción que consiste en el empleo de nanopartículas como herramientas en procesos 

analíticos para caracterizar/determinar otros nanomateriales.  

El objetivo principal de la Tesis Doctoral es el desarrollo y validación de nuevas 

metodologías analíticas que incorporan nanomateriales para el control de residuos en 

muestras de interés alimentario o bien que sean objeto de determinación analítica. Con 

este objetivo global, los objetivos específicos de la investigación a desarrollar son los 

siguientes: 

I. Desarrollo de nuevos procedimientos de síntesis de nanopartículas de forma 

simple, económica y respetuosos con el medio ambiente. 

II. Caracterización de las nuevas nanopartículas obtenidas mediante diversas 

técnicas microscópicas y espectroscópicas, además de la evaluación de su 

potencial analítico como herramientas para la mejora de los sistemas de 

detección y determinación de otros nanomateriales. 

III. Desarrollo de metodologías para la caracterización rápida de nanomateriales, 

tanto de productos de síntesis como mezclas de nanopartículas con distintas 

propiedades, mediante el empleo de técnicas espectroscópicas y de separación. 

IV. Desarrollar nuevas metodologías analíticas que impliquen el uso de 

nanopartículas metálicas para mejorar considerablemente la sensibilidad de la 

etapa de detección mediante espectroscopía Raman. 

V. Desarrollo de nuevos métodos analíticos para la preconcentración, 

determinación y cuantificación de nanomateriales en muestras alimentarias. 
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Los resultados de las tareas asociadas a estos objetivos específicos se han presentado 

de forma detallada en el apartado 3 de esta Memoria: (i) síntesis, estrategias de 

modificación y caracterización de los nuevos nanomateriales, (ii) su aplicación como 

herramientas analíticas para la mejora tanto en la preparación de la muestra como en 

la detección, en muestras alimentarias y (iii) su consideración como analitos. Se ha 

abordado en dicho apartado una discusión de los resultados para llegar a las 

conclusiones correspondientes. Todos han sido o están siendo objeto de publicaciones 

científicas en revistas recogidas en el JCR. 

Por último, cabe destacar que esta Tesis Doctoral se encuadra en la línea de 

investigación del grupo de investigación “Simplificación, automatización y 

miniaturización de procesos analíticos”, que se desarrolla en la Universidad de Castilla-

La Mancha (Departamento de Química Analítica y Tecnología de los Alimentos, de la 

Facultad de Ciencias y Tecnologías; y el Instituto Regional de Investigación Científica 

Aplicada, IRICA).
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1. INTRODUCTION 
 

 

 

 

 

his Introduction covers three main parts. The first one is related to the whole 

context of the nanoscience and nanotechnology viewed from an analytical point 

of view, including the present double side of nanomaterials/nanoparticles in 

analytical science. The second one deals with the view of 

nanomaterials/nanoparticles as analytical tools, including sample treatment, separation 

system and detection. The third part is devoted to one of the main challenges of today 

Analytical Nanoscience, as it is the specific determination of nanoparticles is particular 

types of samples. The last two points covered in the Introduction are directly connected 

with the experimental work developed in this Memory. 

 

T 
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1.1. Analytical Nanoscience and Nanotechnology 

Nanoscience and Nanotechnology (N&N) are being widely studied today due to the 

great potential that they contribute to many areas of research. 

Among all the definitions that can be attributed to the Nanoscience, this can be defined 

as "the science of synthesis, analysis and manipulation of materials at atomic or 

molecular level, where physical or chemical properties are substantially different from 

those shown for the same material at a micro or macroscale" [1]. On the other hand, 

Nanotechnology deals “the design, characterization, production and application of 

structures, devices and systems through the control of size and shape at the nanometric 

scale” [1]. 

Scientists are interested in the nanoscale (admitting, in general, that the nanoscale is 

between 1 and 100 nm [2]), because it is in this scale that the properties are very 

different from those present in a macro scale. Unfortunately, the scale in this area is not 

well defined, but generally is usually in the range between several tenths of a nanometer 

and several hundred nanometers. Thus, it is established that N&N are characterized by 

the study of objects with small dimensions, between 1 and 100 nm, among which the 

dimensional nanometric scale is defined. 

One of the most interesting aspects of N&N is its multidisciplinary, transversal and 

convergent nature. Physicists, chemists and engineers are the scientists who are most 

directly involved, but their convergence with other areas such as information technology 

and communication, biotechnology and materials science, in a first approach, and 

medicine, pharmacy, agro-food and various types of industries such as textiles or 

energetic, in another, it must be observed. This fact allows to share and connect 

knowledge about methods and techniques from different fields in this new area of 

science. Due to this reason, the advances made in the tools that now allow atoms and 

molecules to be examined and tested with great precision, have allowed the expansion 

and development of N&N. 

It must be emphasized that Analytical Chemistry plays a very important role in the field 

of N&N, because the information provides is of great interest for scientific decision-

making. Without exception, the various synthesized nanomaterials (NMs) have found 

application in this field with remarkable achievements, which have largely promoted a 

multidisciplinary research that relates our subject to other sciences. As a result, 

Nanotechnology oriented to the field of Analytical Chemistry, has become an area of 

great potential that is providing new tools for different applications in the new fields 
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that are opened in the nanotechnological scenario. There are two key facets within 

Analytical Chemistry: 

I. Consideration of nanoparticles (NPs) and nanostructured materials as target 

analytes (analytes), which require analytical methods to detect and / or quantify 

NPs in different types of samples, as well as a correct characterization for the 

incorporation of these NMs in industrial applications. 

II. Consideration of NPs and nanostructured materials as analytical tools for 

innovation and improvement of (bio) chemical measurement processes. The 

new materials and products prepared in the nanometric scale present novel and 

new properties that make them very different from traditional materials. In this 

way, the analytical properties associated with quality (accuracy, sensitivity, 

selectivity or representation) are improved, as well as those associated with 

productive aspects (speed, cost and personal factors), making this work crucial. 

It is also important to develop innovative analytical methods or improve existing 

ones that are capable of solving analytical problems by exploiting the unique 

properties of NMs. 

Taking all this into consideration, the relationship between N&N and Analytical 

Chemistry, what we now know as “Analytical Nanoscience and Nanotechnology” is 

defined, as can be seen in Figure 1.1.1. 

 

Figure 1.1.1. Schematic illustration of the role of nanomaterials in Analytical Science. 
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In this regard, the role of Analytical Chemistry as target analytes is clear. The 

collaborations carried out of physicists, chemists and engineers is one of the most 

important needs in N&N to obtain the overall information (chemical and/or physical) of 

NMs is essential to the extraction of chemical information (composition) and to 

understand the chemical behaviors of NMs such as chirality and reactivity, in order to 

make their desired physical characterization. Among the advantages devoted in this 

context, it was the combination of equipment such as atomic force microscope (AFM) 

with Raman spectrometry [3] for providing different types of information. 

On the other hand, the role of NMs as analytical tools shows the combinations of several 

situations in Analytical Nanoscience where they are involved. These situations are 

namely i) nanometer size, ii) physico-chemical properties of NMs, and iii) the two 

mentioned facets. Consequently, these cases will result in the options are described 

below: 

I. The first is that nanometric analytical systems refer to devices based on the 

nanoscale. In this is a step forward to miniaturization without exploiting the 

unique properties of NMs. 

II. In the case of nanotechnology analytical systems, the use of their unique 

properties allows the development and the improvement of analytical 

processes, resulting to the analysis of new compounds in different matrices. 

III. The last case consists on use of analytical nanosystems. This is considered the 

best situation because the both previous aspects are exploited: the nanometer 

size and the control by physicochemical laws of nanoscience. Furthermore, it is 

based on the combination of "nanometric analytical systems" (exploitation of 

nanosize) and "nanotechnological analytical systems" (exploitation of the unique 

properties of NMs). There are only a few examples of them because their 

developments have some restrictions. In this context, two illustrative examples 

were reported lab-on-a-particle [4], and a nano-chromatography [5]. But they 

will have high growth, because they represent the future of AN&N. 

 

How to reach the nanoscale 

The word "Nanomaterials" refers to all those materials developed with at least one 

dimension in the nanometric scale. When this length is also of the order or less than 

some critical physical length, such as the length of Fermi of the electron or the atomic 

radius of Bohr, for example, numerous new properties appear that allow the 

development of materials and devices with functionalities and completely new features. 
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The enormous interest created by these promising materials has its origin in the 

properties that present, in general, much higher and often different, when compared 

with those of the same materials at larger sizes. These properties are due to three 

characteristics common to all of them: the small particle size, the high percentage of 

atomic fraction and the interaction between the different structural units. 

NMs fabrication methods can be classified according to their assembly [6]. There are 

two general approaches to produce NMs, as shown in Figure 1.1.2. The first strategy is 

based on the miniaturization of a bulk material and then break it into smaller pieces 

towards a nanometric scale of the same starting material, by using mechanical, chemical 

or other form of energy (top-down). Physical techniques such as lithography, laser 

ablation, sputtering deposition, pulsed electrochemical etching, and vapor deposition 

are among the most commonly used top-down methods. An opposite approach is based 

on to synthesize the material from atomic or molecular species via chemical reactions, 

allowing for the precursor particles to grow in size (bottom-up) [7]. In this approach, 

which is the most used for the preparation of the NPs, they are formed starting from 

atomic level to the nano-scale level. Bottom-up approaches such as sol-gel processing, 

chemical vapor deposition, plasma or flame spraying synthesis, laser pyrolysis, and 

microemulsion are the most common methods used. The goal of these approaches is to 

prepare NPs with specific nano-sizes and similar sizes for all particles in which the unique 

properties can function. Both approaches can be done in either gas, liquid, supercritical 

fluids (SCFs) , solid states, or in vacuum. Most of the manufacturers are interested in the 

ability to control: i) physical characters ii) particle size iii) particle shape iv) size 

distribution v) particle composition and vi) degree of particle aggregation and 

agglomeration [8]. The latter approach is generally considered to be far more promising 

due to the higher level of control offered [9]. 

Figure 1.1.2. Scheme of the two approaches employed in the fabrication of nanomaterials: “top-

down” and “bottom-up”. 
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To control the formation and growth of the NPs, there are two general ways. One is 

called the precipitation and depends on the exhaustion of one of the reactants or on the 

introduction of the chemical that would block the reaction. Another method relies on a 

physical restriction of the volume available for the growth of the individual NPs by using 

templates. 

The “nanoscale” has introduced a new scenario where two especially significant 

differences have been described: the surface/volume ratios and chemical reactivities of 

nanostructured matter in comparison to macro and microscale matter. 

The main purpose to reaching the nanoscale by synthesis of nanostructured materials is 

to exploit their exceptional properties and behaviors. The significant behaviors are due 

to surface effects (causing smooth properties scaling due to discontinuous behavior due 

to quantum confinement effects in materials with delocalized electrons) [10]. These 

factors affect the chemical reactivity of materials as well as their mechanical, optical, 

electric and magnetic properties. 

The surface of the NPs is increased considerably due to there is a greater number of 

atoms, causing a great difference between the NPs with respect to the same particles at 

the nanometric scale. Compared to microparticles, NPs have a very large surface area 

and high particle number per unit mass. As the material in nanoscale form presents a 

much larger surface area for chemical reactions, the reactivity is remarkable enhanced. 

In general, the decrease of particle size produces a high chemical reactivity, while 

surface coatings and other functionalization can generate complicating effects. 

Thus, analytical chemistry palys an important role in the development of structures in 

the nanometer scale and resulting devices and its highly interdisciplinary nature plays a 

major role in the advancedment of nanotechnology. Moreover, it helps in establishing 

the principles and methods in the application of nanotechnology with the unusual 

properties of NMs which are characterized for their size, morphology and chemical 

composition using the tools of analytical sciences as has been mentioned. Furthermore, 

chemical synthesis leads to the fabrication of new nanostructures with new analytical 

possibilities. 
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Scientific-technical evolution 

The scientific and industrial impact of N&N deserves a special section, as it has grown 

dramatically in recent years. It should be pointed out that there are more than one 

million of scientific papers published on this topic. As in many other areas, N&N have 

had a deep impact in Analytical Chemistry. Their revolutionary character was predicted 

in 2005 in an editorial of a science journal [11]. 

One of the critical period of time in the evolution of Analytical Science was in the 

transition between XX and XXI centuries, where the analytical processes were improved 

by supporting automation, miniaturization, simplification, and implementation of 

quality systems, as well as the data treatment. 

Analytical chemists try to carry out the challenge that N&N offers in this area due to the 

powerful nanotools to improve the analytical properties of the analytical processes and 

the analysis of the nanoworld. On the other hand, the basic (Nanoscience) and applied 

(Nanotechnology) developments and achievements need nano-world information to 

meet their respective objectives and to make informed and timely decisions [12]. This 

field should play a major role in N&N, particularly in: i) the environmental and 

toxicological impacts of nanotechnology, ii) the need for homogeneous, pure, well-

characterized NPs, iii) the need to address nanometrology, and iv) nanomedicine, in the 

development of bio-measurement nanosystems and the characterization and 

monitoring of nanostructured pharmaceuticals [13]. 

One important factor is the use of NMs as analytical tools, which is the most developed 

field to date. It is possible that, with the passage of time, a further increase is expected 

in the papers related with the use of NPs, due to the significance of the characterization 

of NMs and the development of new instruments. 

As can be seen in Figure 1.1.3 (A and B), the growing of Analytical Nanoscience and 

Nanotechnology (AN&N) articles is impressive during the last few years. But, on the 

other hand, this increment will diminish in the next few years because it will be very 

difficult to find out real innovative research topics. By now, the prefix “nano” is a key to 

open many “doors” but in an immediate future, in papers dealing with nanotechnology, 

this word will slowly disappear. One example is the experienced by Flow Injection 

Analysis (FIA) [14], which was a very relevant research line in the two-three last decades 

of XX century. However, nowadays a continuous configuration is used in analytical 

research and this technique is barely mentioned. 
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Figure 1.1.3. Evolution of published articles containing the prefix Nano* and Analyt* individually 

or combined during this century (A). Comparison of published papers of Sorbent, Sensor and 

Analyt combined with the term Nano* (B). All data was obtained from the WOS database 

(1.300.751 papers with the term Nano*, 664.718 containing the term Analyt*, 38.737 with 

Analyt* & Nano*, 75.180 with Sensor*& Nano* and 4.726 containing Sorbent* & Nano*). 

 

Thus, AN&N is an interdisciplinary science and technology that needs the participation 

of physicists, engineers, biologists, medical doctors, etc, due to the types of information 

from the nanoworld are very different: physical (e.g., dimensions, physical properties, 

surface topography, etc.); chemical (e.g., chemical composition, chirality, reactivity, 

bonds, etc); biological (e.g., toxicity, membrane diffusion, bio transformations, 

interaction with cells and microorganisms, etc.); and the final physic chemical structure. 

This great variety of information required from the nanoworld is, simultaneously, a 

challenge and an opportunity for AN&N that should be immersed in the 

interdisciplinary. In this way, Analytical Chemistry is clearly enriched. 
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Types of nanoparticles 

NMs are the mainstay of N&N, where they present a great potential in the development 

of a wide variety nanostructures with new properties. The wide variety of 

nanostructures can be classified in multiple ways. Figure 1.1.4 shows the most relevant 

types of them in AN&N according to different criteria. 

Firstly, NPs can be classified as natural, anthropogenic (incidental) or engineered in 

origin [15]. According to homogeneity, it can refer to both its chemical composition and 

dimensionality, although both are related. The identical nanostructures are those that 

present an identical chemical composition, and, in addition, their dimensions are equal. 

Contrary, NPs with the same chemical composition but with different dimensions usually 

have different properties. 

Depending on their nature or chemical composition, they can be classified as inorganic 

(e.g., noble metal nanoparticles, quantum dots, etc.), organic (e.g., carbon nanotubes, 

fullerenes, dendrimers, molecular imprinted polymers, etc.) or mixed (e.g., gold 

nanoparticles modified with calixarenes, gold NPs functionalized with cyclodextrins, 

etc). In this sense, there is a growing interest in the development of hybrid NPs, which 

can be defined as well-organized NMs consisting of two or more types of individual 

nanocomponents [16]. These types of NPs will be analyzed throughout this Thesis. 

Figure 1.1.4. Classification of nanoparticles according to their origin, homogeneity, nature and 

dimensionality. 
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The last classification of NMs is based on dimensionality criteria. Perhaps, this is the 

most popular criterion for the classification of NMs. As shown in Figure 1.1.4, two 

classifications can be made taking into account both the strict dimensions (at the 

nanoscale) of the nanostructure that give rise to these exceptional properties and the 

dimensions of the material where the nanostructures are present. 

The Royal Society of Chemistry and the Royal Academy of Engineering classified 

nanostructures in function of the number of dimensions in the nanoscale (below 100 

nm) [17], distinguishing three types of nanostructures: i) nanoscale in zero dimensions, 

referred to those completely nanostructured materials, whose dimensions are also 

included in the nanoscale; ii) nanoscale in one dimension, where one of the dimensions 

of the nanostructured material is micro / macrometric in size such as surfaces with 

nanometric thickness (e.g. graphene sheets); iii) nanoscale in two dimensions, where 

two of the dimensions of the nanometric material are of micro / macrometric size, while 

the other is included in the nanometric scale. such as carbon nanotubes, inorganic 

nanotubes, nanowires, etc.; and iv) nanoscale in three dimensions, where the three 

dimensions of the material are greater than 100 nm, but it is formed by a set of 

nanostructures of the previous groups. That is, they are assembled NPs forming blocks 

of micro / macrometric size which includes metallic NPs and their oxides, quantum dots, 

fullerenes and dendrimers, among others. This type of classification has also been 

attributed by other authors [18]. 

The societal impact of materials structured at the nanometer scale is enormous and 

continues to increase at a remarkable pace. 

NMs have triggered the development of both new ways of performing target 

concentration and detection, and new analytical methods and instrumentation for 

measuring the properties of NMs sensitive to changes at the nanometer or single 

molecule level. The optical and electronic properties of NMs are often dominated by 

their surface chemistry and this makes the task of analyzing NMs immensely more 

challenging than bulk materials or homogeneous solutions [19]. 

The present work is focused on engineered NPs, which are employed from an analytical 

point of view as tools or determined in different samples. These types of NPs have been 

classified as organic, inorganic or hybrid, according to their nature. 

There are four main classes in which NMs are generally classified as proposed by the US-

EPA, as shown in Table 1.1.1. 
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Table 1.1.1. Classification and main types of nanomaterials according to their nature. 

NANOMATERIALS ACCORDING TO THEIR NATURE 

CLASSIFICATION TYPES 

Carbon-based materials 
Fullerenes 

Nano-(tubes, foams, diamonds onions, cones) 

Metallic-based materials 
Silver, gold, metal oxide nanoparticles 

Quantum dots 

Composites Nano-(clays, silicates, polymers) 

 

Organic nanoparticles 

• Carbon nanomaterials 

Carbon allotropes depending of the properties of each form on its special structure, 

makes that each one has a wide variety of applications in the field of nanotechnology. 

Normally, due to their high surface area, this NMs are employed as support. Each one 

has different structure, properties and applications. Figure 1.1.5 shows a general 

scheme of these structures. 

Figure 1.1.5. Different types of carbon-based nanomaterials. 

 

Fullerenes are a form of carbon, which are formed by the interaction of C60 carbon 

atoms in the gas phase, causing the carbon atoms to join in hexagons and with resonant 

double bonds between neighboring carbon atoms. They comprise a wide range of 

isomers and homologous series, from the most studied C60 and C70 to the so-called 

fullerenes such as C240, C540 and C720. Among its properties, it should be noted the 

high electronic affinity, the hydrophobic nature of the surface and the high surface / 

volume ratio. 

Graphene is another form in which carbon is found, which has an open, flat and two-

dimensional structure composed of carbon atoms organized in a network of hexagons 

linked together. This is possible due to the sp2 hybridization of the carbon atoms present 

in this sheet. Graphene has begun to be very interesting due to its exceptionally unique 
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properties [20]. It has a high thermal and electrical conductivity, high elasticity, high 

hardness and strength, a large specific surface and can easily be modified with functional 

groups, especially through graphene oxide (GO). One of the main obstacles is the use of 

agents not environmentally that cause a lot of harmful effects to the environment, 

generally. It is well known that hydrazine is the common reducing agent for graphene, 

as it is highly dangerous. For this reason, it is necessary to develop new friendly and 

environmental methodologies to produce GO and reduce graphene oxide (rGO). A good 

alternative is the use of SCFs [21], which have aroused great interest, becoming an 

ecological method to reduce graphene. This aspect is described later in one of the 

section of this Memory. 

Carbon nanocones were first synthesized by vapor condensation of carbon atoms on a 

graphite substrate [22]. The disclination of each structure corresponds to the presence 

of a given number of pentagons in the seed from which it grew: disks (no pentagons), 

five types of cones (one to five pentagons) and open tubes (six pentagons). The unique 

electronic distribution, which is provided by these pentagonal rings to the carbon 

nanocones, results in an enhanced local density at the cone apex. One major class of 

cone structures are single-walled carbon nanohorns (SWNHs) with the narrowest 

opening angle with five pentagonal rings in its apex. 

Nanodiamonds are carbon NPs with a truncated octahedral architecture and are about 

2 to 8 nm in diameter [23]. Among carbon NPs, nanodiamonds have become 

investigated due to their specific surface area and high adsorption capacity, simple 

surface functionalization, chemically inert cores which are combined with a hydrophobic 

surface, and, furthermore, for their ability to be incorporated in the design of new 

sensors [24]. Among their applications one must highlight their use in electrochemical 

coatings, polymer compositions, and anticorrosion coatings, although their most 

described applications are in the biology field, where they are used to visualize 

interactions between proteins and bacteria. 

Carbon nanofibers are cylindric nanostructures with graphene layers arranged as 

stacked cones, cups, or plates. They have lengths in the order of micrometers, while 

their diameter varies between some tens of nanometers up to ∼200 nm. This NPs have 

attracted much attention due to their high mechanical strength, large specific surface 

area, superior stiffness, excellent electrical and thermal conductivities, as well as strong 

fatigue and corrosion resistance. It is also known that, in general, the decrease of the 

carbon nanofiber diameter has a positive effect on its physicochemical characteristics 

[25]. 
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Finally, carbon nanotubes (CNTs) have received special attention since their discovery 

by Iijima in 1991 [26]. They are tubular in shape and consist of carbon atoms covalently 

attached. They can be described as hollow graphitic NMs comprising one (single-walled 

carbon nanotubes, SWCNTs), two (double-walled carbon nanotubes, DWCNTs) or 

multiple (multi-walled carbon nanotubes, MWCNTs) layers of graphene sheets. They 

possess non-polar bonds and high aspect ratios, which make them insoluble in water 

and facilitated their aggregation. Amongst all carbon structures, CNTs are the most used 

as a support due to their remarkable electrical and thermal conductivity, physical, 

mechanical, chemical properties and large surface area to volume ratio [27]. These NMs, 

mainly SWCNTs and MWCNTs, will be described throughout this work. 

We can conclude that not only the size but also the dimension, factors that influence to 

determine the properties of the material. Figure1.1.6 illustrates examples of NMs based 

on sp2 carbon such as fullerenes, nanotubes, graphene and graphite, which have very 

different properties. 

 

Figure 1.1.6. Different forms of carbon from the structure of graphene. Image extracted from 

the reference [28]. 

 

• Other organic nanomaterials 

Another type of organic nanomaterial are the organic polymeric NPs, which are 

considered as potential drug delivery devices and are formed from polymers. 

An example is the dendrimers. A dendrimer is defined as hyperbranched ordered, 

monodisperse, high molecular weight polymer possessing a central core with void 

spaces, radically extending repeat units and abundant terminal functional groups as 
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surface [29]. For their unique architecture and macromolecular characteristics, 

dendrimers have become one of the research hotspots in areas like nanotechnology, 

detection, and catalyst, among others. 

Molecularly imprinted polymers (MIPs) are another specific class of selective sorbents 

that are functionalized in order to achieve the complementary recognition of a given 

chemical compound [30], which leaves cavities in polymer matrix with affinity to a 

chosen "template" molecule. The process usually involves initiating the polymerization 

of monomers in the presence of a template molecule that is extracted afterwards, thus 

leaving complementary cavities behind. These polymers have affinity for the original 

molecule and have been used in applications such as chemical separations, catalysis, or 

molecular sensors. Although MIP particles can be nanometric in size, they usually fall in 

the micrometric range. Furthermore, NMs such as liposomes, nanomicelles, 

nanovesicles and nanoemulsions [31], are increasing in this field due to their 

applications. 

Inorganic nanoparticles 

There are a wide range of inorganic NPs such as elemental metals, metal salts and metal 

oxides. Silver nanoparticles (AgNPs) are increasingly used in various fields, including 

medical, food, health care, consumer, and industrial purposes, due to their unique 

physical and chemical properties. These include optical, electrical, and thermal, high 

electrical conductivity, and biological properties [32]. Due to their peculiar properties, it 

is very important to remark that they have been used for several applications as 

antibacterial agents, whereas gold nanoparticles (AuNPs) are explored for many possible 

applications owing their catalytic activity. 

Both Ag and AuNPs possess the so-called surface plasmon owing to the collective 

oscillation of the electrons. In general, when the electromagnetic radiation hits metal 

materials endowed with a morphology in which it is possible to locate surface plasmons 

(nanostructured surfaces and NPs), there is a notable intensification of the 

electromagnetic field on the surface if there is absorption resonant by the metal. This 

topic will be described below. 

Quantum Dots (QDs) are a type of inorganic NPs that have received an exponentially 

growing attention in recent years. These NMs are nanocrystals of semiconductor 

materials with a size range between 1 and 10 nm. They are 0D nanostructures since they 

contain all their dimensions in the range of the nanometric scale. They have aroused 

great interest for their exceptional optical, electronic, electrochemical, photophysical, 

redox and catalytic properties. Quantum confinement effects are responsible for such 

remarkable properties, which depend on their size and composition. Such effects offer 
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the analyst high fluorescent quantum yields, narrow and symmetric size tuneable 

emission spectra, high resistance to photobleaching and long fluorescence lifetimes; 

features which can be highly useful for analytical purposes [33]. Finally, the QD core is 

made up of elements from the II-VI (e.g. CdSe, CdTe, CdS, ZnSe), III-V (e.g. InP, InAs) or 

IV-VI (e.g. PbSe) group [34]. 

Metal oxides nanoparticles are widely used, such as TiO2, Al2O3, ZrO2, MnO and CeO2, as 

well as iron oxides (FeOx) NPs, amongst others. Currently, these NPs are emerging as 

good delivery carrier for drug and biosensor. For the synthesis of metallic NPs diverse 

metals have been explored though Ag and AuNPs are of prime importance for different 

uses. Surface functionalization on these NPs can easily been done and various ligands 

have been decorated onto the surface. Variety of ligands such as sugars, peptide, protein 

and deoxyribonucleic acid (DNA) has been linked to NPs. 

Magnetic nanoparticles (MNPs) are another kind of inorganic NPs; these include iron 

oxides (Fe2O3 and Fe3O4); ferrites of cobalt, manganese, nickel, and magnesium; and 

FePt, γ-Fe2O3, cobalt, iron, nickel, α-Fe, CoPt, and FeCo particles [35]. FePt and CoPt NPs 

are especially interesting because they are both magnetic and catalytic. The most 

commonly employed MNPs for analytical techniques tend to be Fe3O4, MnFe2O4, and 

CoFe2O4 because they are easy to synthesize with size-monodisperse products with high 

magnetic moments. Iron oxide is generally considered biocompatible and, thus, is the 

only nanoparticle material to have been approved by the U.S. Food and Drug 

Administration. In addition, (FeOx)NPs also have the advantage of multiple synthetic 

routes for chemical functionalization. Moreover, silica nanoparticles (SiO2) are 

characterized by presenting high surface areas and exhibit intrinsic surface reactivity 

which allows chemical modifications [36]. 

Finally, nano-sized clays, ceramics and zeolite are other type of inorganic NPs that have 

been proposed for various applications. These last ones are aluminosilicate molecular 

sieves with pores of molecular dimensions. Due to the microporosity and adsorption 

capacity, zeolites have very high surface areas and have been widely used in applications 

such as chemistry, biotechnology, environmental pollution control, and pesticide and 

medical industry [37]. Typically, zeolites are industrially manufactured with micron-sized 

crystals or crystal aggregates. 

Hybrid nanoparticles 

The use of hybrid NPs, which can be defined as well-organized nanomaterials consisting 

of two or more types of individual nanocomponents, composed of both inorganic and 

organic components, is increasing more and more in recent years. Hybrid NPs, in 

particular, possess exceptional properties enabling further improvement of analytical 
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methods. Despite the continuous developments in their synthesis and characterization, 

they have scarcely been used in analytical chemistry, however. In general, they can be 

classified into two different types according to the combined properties, namely: i) 

properties of the isolated NPs are different but complementary, and ii) properties of the 

isolated NPs are of the same nature but their combination produces important 

synergistic effects. 

The combination of two or more materials with different properties in the same particle 

provides a unique hybrid nanoparticle with new functionalities and properties. In the 

case of hybrid NPs, at least one of them should be in the nanometer scale. Thus, while 

properties usually vary at the macroscopic level, they change dramatically when the 

nanoscale threshold is crossed. This is the origin of the revolution that N&N have 

brought about. 

Generally, these nanostructures can be from an inorganic nature such as QDs or silica 

nanospheres; from an organic nature such as CNTs or molecular imprinted polymers; or 

a mixture of both such as AuNPs or functionalized CNTs, among others. 

 

Synthesis and characterization of nanoparticles 

As explained in section 1.1, NMs can be manufactured, generally, according to their 

assembly, thus differentiating two general approaches: top-down and bottom-up, as 

shown in Figure 1.1.2. As it was commented in that section, the last one is the most 

common used for the preparation of NMs. 

In Analytical Chemistry, the synthesis of NPs plays a crucial role because, depending on 

the way in which they are synthesized, their properties, characteristics, shapes, sizes and 

applications vary significantly. For this reason, it is important to control the formation 

and growth of the NPs. Byung et al. [38], studied the synthesis, characterization, and 

application of NPs with ultrasmall sizes (USNPs), where NPs of 3-50 nm have garnered a 

great of attention. 

Iron oxide NPs, as an example, exhibit superparamagnetism at room temperature, while 

semiconductor “quantum dots” exhibit the quantum confinement effect [39,40] 

inversely proportional to the radius, so a reduction in particle size leads to an important 

increase in surface area. This increased surface/volume ratio is what gives rise to the 

specific physical properties [41,42]. USNPs lie in between complete molecular 

dispersions and larger-sized NPs and consequently exhibit intermediate structural, 

optical, electrical, catalytic, and magnetic properties. In this size range, iron oxide USNPs 

become nearly paramagnetic [43], and USNPs of some noble metals (e.g., Au, Ag) 
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become fluorescent [44]. Some of these unique properties are summarized in Figure 

1.1.7. 

 

Figure 1.1.7. Schematic diagram juxtaposing the differences in the sizes of particles and their 

resultant properties. Extracted from reference [38]. 

 

NPs of metallic origin, especially those of noble gases, deserve special mention because 

they are widely used in this field. These exhibit optical, electronic, chemical and 

magnetic properties, which depend exclusively on size and shape and which are 

completely different from those of metals when they are found on a macro-scale as a 

main consequence of having a large surface area per unit volume [45]. Among the 

properties they have, it is worth highlighting the phenomenon known as surface 

plasmon resonance (SPR), based on the interaction of the surface plasmon with 

electromagnetic radiation under certain conditions, giving rise to the diffraction of the 

radiation of a given frequency [46]. The SPR is a phenomena of plasma vibration as a 

result of oscillation the resonance of the electrons that make it up with electromagnetic 

radiation. The SPR is associated with the surface of metals, making reference to the 

collective oscillations of electrons that are found in small metallic volumes. For this 

phenomenon to occur, the particle size must be much smaller than the wavelength of 

the incident light. Due to the unique properties of metallic NPs, they offer a wide variety 

of applications in Analytical Chemistry such as catalysts, semiconductors, optical and 

electrochemical sensors, electronics, for the development of drugs, bioactive 

substances and even for a clinical diagnosis. Finally, they are employed in many 

applications and for uses based on the enhanced optical properties of NPs such as 

absorption, fluorescent, of chromophores in close proximity and NPs themselves, and 
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enhanced Rayleigh scattering and surface enhanced Raman scattering (SERS) of 

adsorbed molecules. 

Carbon-based NMs are another type of NPs which play an important role in this field. 

Their characteristics combined with the ability to form hydrogen bonds, π-π stacking, 

dispersion forces, dative bonds, and hydrophobic interactions can affect the stability 

and selectivity of NMs [47]. Consequently, the distinctive properties of NMs have 

sparked interest in analytical chemistry and have been used to develop innovative 

applications in sample preparation, separation, and sensing, highlighting amongst them, 

its applications as sorbents. For example, due to the high mechanical resilience and open 

tubular network make CNTs a good support for active materials [48]. On the other hand, 

the use of SCFs using supercritical carbon dioxide (scCO2) is used for the intercalation 

and exfoliation of graphene as well as the preparation of graphene oxide (GO) and 

reduced graphene oxide (rGO), supplying several advantages such as the opening and/or 

an increase between the sheets. scCO2 is used because it can easily penetrate graphite, 

similar to gas, and stabilized the graphene by preventing aggregation [49]. During this 

process, applying high pressure causes an increase between the layers and, 

consequently, the possibility of introducing stable species, making possible the coupling 

between graphene and NMs. 

Nanocomposites are also crucial in Analytical Chemistry because they exhibit behavior 

different from conventional composite materials with microscale structure, due to the 

small size of the structural unit and the high surface-to-volume ratio. The properties of 

composite materials are greatly influenced by the degree of mixing between the two 

phases. In conventionally filled polymers, the constituents are immiscible, resulting in a 

blended macrocomposite with chemically distinct phases. This results in poor physical 

attraction between the organic and inorganic components, leading to agglomeration of 

the latter, and therefore, weaker materials. 

In this sense, the combination of carbon-based NMs with metallic NPs, metal oxide NPs 

or quantum dots, among others, have received especial attention from scientists 

because the final result is the production of a synergistic effect leading to a combination 

or improvement of the properties of the two NMs and, in addition, they allow the 

individual exploitation of the properties of one or both materials. 

The majority of these NPs are of importance due to their potential applications in 

emerging areas of N&N. However, their preparation involves the reduction of metal ions 

in solutions or in high temperature gaseous environments. The high surface energy of 

these particles makes them extremely reactive, and most systems undergo aggregation 

without protection or passivation of their surfaces. Some of the commonly used 



24   
 

 

methods for surface passivation include protection by self-assembled monolayers, the 

most popular being thiol-functionalized organics; encapsulation in the H2O pools of 

reverse microemulsions; and dispersion in polymeric matrixes. 

Although UV irradiation, aerosol technologies, laser ablation, ultrasonic fields, and 

photochemical reduction techniques have been used successfully to produce NPs, they 

remain expensive and involve the use of hazardous chemicals. Therefore, there is a 

significant interest in the development of environmentally friendly and sustainable 

methods [50]. At the same time, despite intensive developments of the nanotechnology, 

the adverse effects of NMs are still relatively unknown. The synthesis of such materials 

using environmentally friendly and biocompatible reagents could lower the toxicity of 

the resulting materials and the environmental impact of the byproducts [51]. 

In this sense, Green Chemistry is an approach to the synthesis, processing, and use of 

chemicals that reduce risks to humans and the environment. Many innovative 

chemistries have been developed over the last several years that are effective, efficient, 

and more benign, including new syntheses and processes as well as new tools about 

how to do chemistry in a more favorable manner. Thus, it is important to develop new 

synthetic methods, reaction conditions, analytical tools, catalysts, and processes, as well 

as reduce hazards associated with products and processes that are essential to the world 

economy and sustain the high quality of living that we enjoy through chemistry [52]. 

Analytical chemistry has been at the center of the environmental movement since the 

1960s. In many different areas, the progress and activities of environmental protection 

has been inextricably linked to the developments and advances of analytical chemistry 

[53]. The characterization and understanding of the fate of chemicals and their 

metabolites as they travel from medium to medium in the environment is only possible 

due to the modern techniques in analytical chemistry. Thus, as the environment 

movement has evolved and continues to evolve, so must the crucial role of analytical 

chemistry. Figure 1.1.8 shows the main objective that Green Chemistry tries to achieve. 

As mentioned above, Green Chemistry is the manifestation of using chemistry to achieve 

pollution prevention. Defined as “the use of chemistry techniques and methodologies 

that reduce or eliminate the use or generation of feedstocks, products, byproducts, 

solvents, reagents, etc. that are hazardous to human health or the environment" [54], 

Green Chemistry has been widely adopted throughout the world. In many of the 

scientific innovations taking place, there are new synthetic transformations and 

pathways, environmental benign products, and solvents/reaction systems. What is now 

emerging is the area of Green Analytical Chemistry in both the research arena as well as 

commercial sector. That´s why a focus area of green analytical chemistry is emerging as 
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the design and development of new analytical procedures that we use to generate less 

hazardous substances. 

 

 

Figure 1.1.8. The main objectives of Green Chemistry. 

 

Another important aspect of green analytical chemistry is found in the area of process 

analytical chemistry. The application of environmental analysis has been targeted 

toward the measurement and characterization of environmental problems after they 

are already created. Through the development and utilization of real-time, in-process 

sensors, the users of these techniques can detect the formation of a hazardous 

substance in a manner that allows for stopping the production of undesirable 

substances at trace levels. Therefore, if toxic substances are being generated because 

of excessive heat, pressure or due to over addition of a reactant in a manufacturing 

process, then the analytical sensors can adjust process parameters accordingly. Thus, 

pollution prevention is realized through green analytical chemistry. 

Specific technologies in analytical chemistry have been investigated to accomplish 

Green Chemistry goals. Table 1.1.2 summarizes the approaches and methods that can 

be used in order to achieve the main goals. 
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Table 1.1.2. Approaches and methods of Green Analytical Chemistry. 

APPROACHES AND METHODS OF GREEN ANALYTICAL CHEMISTRY 

APPROACHES METHODS 

 Solid-phase extraction 

 Pressurized Fluid Extraction 

 Micro liquid-liquid extraction 

Field Analysis Immunoassay techniques 

Screening Ultrasonic extraction 

Extraction Solid-phase micro-extraction (SPME) 

Dilution Methods X-ray fluorescence for multi-metals 

Digestion Methods Supercritical fluid extraction 

Alternative Mobile Phase Automated Soxhlet extraction 

 Micro-extraction techniques 

 Vacuum distillation of Volatile Organic Compounds (VOCs) 

 Membrane introduction mass spectrometry (MIMS) 

 Surface acoustic wave detection for Volatile Organic Compounds (VOCs) 

 

Finally, it should be noted that the use of solvents such as scCO2 has been successful for 

the synthesis of NPs. The majority of methods reported to date use reducing agents such 

as hydrazine, sodium borohydride (NaBH4) and dimethyl formamide (DMF). They are 

examples of high reactive chemicals and pose potential environmental and biological 

risks. 

In Section 6 of this Memory it is included a review dealing with the role of SCFs in 

Analytical Chemistry. 

The main challenge of Analytical Chemistry is the design and development of new 

methodologies which improve existing ones and meet new demands of (bio)chemical 

information posed by the present social and economic problems. 

The growth of N&N has had a great impact in the field of Analytical Chemistry, where 

nanotechnological tools have been used in analytical methods by exploiting the 

excellent properties of NPs in order to improve well-established analytical methods or 

to develop others for new analytes or matrices. As presented in Figure 1.1.9, N&N is 

capable to bring the analytical methods to desired region where traditional techniques 

fulfill optimal requirements in terms of selectivity (more specific), sensitivity (from ppm 

to ppt), rapidity (from hours to seconds), simplicity (easy handing), miniaturizability or 

portability of the analytical system. 
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Figure 1.1.9. Contribution of N&N to surpass analytical challenge. 

 

The needs that our society has at the moment, in terms of chemical information, are 

very different from the years that have preceded us. It is necessary to determine 

continuously substances in smaller quantities, in more complex samples and in a faster 

and more efficient way. For example, the concepts of quality and food safety would not 

be understood without the application of the new analytical tools that are used, from 

the control of raw materials and products, to the determination of harmful substances 

and additives in food. These information needs can be extrapolated to many other areas 

of life such as the environment, health, etc. 

Figure. 1.1.10 shows the most relevant nanoparticles used in Analytical Chemistry as 

well as the exceptional properties mainly exploited in each case. The most widely used 

NPs in analytical sciences include: silica nanoparticles, metallic nanoparticles (quantum 

dots, AuNPs, etc.), carbon nanoparticles (mainly fullerenes and CNTs), organic polymer 

nanoparticles (e.g. MIPs) and supramolecular aggregates (nanomicelles, nanovesicles). 

The explored nanoparticle property can be chemical, electrical, optical, thermal or 

magnetic. Frequently, however, two or more properties are explored at once. 

As it can be observed, metallic and carbon NPs have a wider range of exploitation, thanks 

to their versatile properties, whereas for silica NPs only their chemical properties are 

exploited. Some authors expanded the classification including hybrid NPs (a topic of 

growing interest). Thus, there are two types of hybrid according the combination of 

properties: i) properties of the isolated NPs are differen but complementary; such as the 
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combination of CNTs and ferrite NPs [55], and ii) properties of the isolated NPs are of 

the same nature but their combination produces important synergistic effects; such as 

the combination of quantum dots [56]. 

 

Figure 1.1.10. Most significant exploited properties of nanoparticles in analytical analysis 

(adapted from [57]). 

 

N&N has been contributed by the involvement and the integration of different type of 

NMs and nanosystems at different steps of analytical processes. The exploitation of NMs 

properties in the whole steps of analytical process contribute to the development of 

innovative strategies or improvement of the conventional ones, in order to perform the 

analytical characteristics. The involved NMs can be used at different steps of analytical 

process. 

The measurement process in Analytical Chemistry should be understood as a set of 

operations that separates the sample from the results obtained, expressed and 

interpreted according to the approach of the analytical problem to be solved. The 

analytical process involves several steps, as represented in Figure 1.1.11, namely: i) 

sample treatment (including sampling), ii) instrumental system, including 

chromatographic or electrophoretic separation systems such as liquid chromatography 

(LC), gas chromatography (GC) and capillary electrophoretic (CE) techniques, iii) 

detection and iv) data handling and treatment to offer the results as required. The role 

of NPs differs between the different steps of the analytical process. 
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Today, almost every step of the analytical process has been subjected to miniaturization. 

However, the different steps have not been miniaturized to the same extent. For 

instance, sample collection and preservation is the step less subjected to the benefits of 

miniaturization, even though some autonomous and remote sensing analytical 

microsystems have been reported. Conversely, data acquisition and processing have 

achieved an excellent degree of miniaturization. Furthermore, it is generally accepted 

that the downscaling of sample preparation approaches has been developed after 

certain efforts to miniaturize both separation and detection systems [58]. 

 

Figure 1.1.11. The role of nanoparticles in different steps of analytical process. 
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1.2. Nanomaterials as tools for treatment of food and beverage 

samples 

Currently, analytical chemistry tends to exploit and improve the chemical properties of 

NPs, especially the capacity of adsorption for their use as a reversible solvent in 

extraction and preconcentration processes. It is generally accepted that sample pre-

treatment, together with sample collection and preservation, is the most time 

consuming and error-prone step of the analytical process. Sample preparation has 

profited from the use of NMs thanks to their properties, incorporating NPs in the sample 

treatment step, which helps to simplify it. There is a wide range of available 

preconcentration procedures that can be used, individually or sequentially, according to 

the complexity of the samples, the nature of the matrix, the analytes, and the available 

instrumental techniques [59]. 

A plethora of sample preparation techniques can be employed in analytical laboratories, 

including solid-phase extraction (SPE), conventional solvent extraction, Soxhlet 

extraction, pressurized solvent extraction, supercritical fluid extraction, andmicrowave- 

and ultrasound-assisted extraction. A variety of extractant phases, for example 

polymeric sorbents and adsorbents, organic solvents, ionic liquids, water or carbon 

dioxide can be used depending on the sample preparation technique [58]. For example, 

conventional sorbents for SPE and solid-phase microextraction have been replaced by 

NMs. A great increase in the use of SPE as a preconcentration step has been recently 

observed, because of its simplicity, rapidity, and ability to obtain a high enrichment 

factor. SPE can effectively handle small samples using only small volumes of organic 

solvents and very simple equipment. In addition, SPE allows the use of this technique 

for many single purposes or in combination, such as trace enrichment (concentration) 

matrix simplification (sample clean-up) and medium exchange (transfer from the sample 

matrix to a different solvent or to the gas phase) [60]. Recently, NPs have been purposes 

in SPE process for the preconcentration of many analytes, as well as for the elimination 

of interferences (clean-up). 

According to their participation in the sample treatment step, NPs can be classified as 

follows [61]: i) NPs acting as sorbent agents, where direct interaction between the 

analyte and the nanoparticle takes place; ii) NPs acting as an inert support; iii) NPs having 

special magnetic properties, which can either directly adsorb the analyte or can be 

functionalized with organic groups; and iv) NPs acting as ionizations agent for the direct 

analysis of samples by ion secondary mass spectrometry. 
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Carbon-based NMs have focused attention thanks to their singular π-π electron 

configuration, as well as metal oxides by virtue of their high surface area. In this sense, 

CNTs have been widely used as sorbents for SFE [27,107], where the interactions 

between analytes and isolated NPs are successfully favored. 

On the other hand, the use of magnetic NPs has been extensively used as SPE in many 

contaminants scavenging mechanisms. For example, magnetic nanoparticle adsorbents 

based on maghemite core and a silica mesoporous layer [62] is used for achieving 

simultaneous removal of polycyclic aromatic hydrocarbons, (PAHs) and metal 

contaminants in contaminated wastewaters. 

Generally, the effectiveness of NPs has been demonstrated based on the physico-

chemical characteristics of the NMs, which are used as analytical tools in sample 

preparation (Figure 1.1.10). Their special characteristics have been extensively exploited 

in different steps of analytical process (extraction/clean-up and preconcentration), 

proposing new strategies, facilitating and improving existing ones. Besides, the 

synergistic effect due to the combination of complementary properties (e.g., silica NPs 

with a magnetic core or CNTs combined with magnetite, etc.), makes possible to develop 

strategies characterized by materials with more stability, rapidity, selectivity and 

efficiency.  

As pointed out above, the miniaturization of analytical systems is generally linked to 

other challenges in analytical chemistry, such as portability, sensibility, selectivity, 

simplicity and rapidity (Figure 1.1.9). In addition, economy, improved analytical 

performance and the size decrease of analytical systems are among the drivers for 

miniaturization. The main benefits that can be obtained by downsizing the sample 

treatment step of the analytical process are: i) reduced sample consumption, ii) reduced 

consumption of reagents, iii) reduced waste generation, iv) efficient clean-up, v) 

integration of steps, vi) reduced sample preparation time, vii) ease of operation, viii) 

economy, ix) portability and x) automation [58]. 

Throughout this Doctoral Thesis, NPs have been used for the sample treatment step as 

a sorbents for the analysis of mycotoxins in maize samples and, on the other hand, for 

the selective extraction of pesticides in water and juice samples. All of this will be 

explained in deep in Section 3.1. 
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1.3. Nanomaterials as tools for separation system 

Analytical separation techniques are employed in analytical chemistry for the separation 

of target analytes prior to their detection, which has also been enriched thanks to the 

use of NPs either as pseudo-stationary phases in CE or as stationary phases in GC or LC. 

In this sense, the NPs allow to improve the resolution in the separations and, 

consequently, the selectivity of the instrumental technique. Thus, the results are clearly 

better, in comparison with those obtained by the traditional sorbents [63]. Resolution 

is, commonly, enhanced by using NPs due to their high capacity of adsorption, their long 

life-time and their attractive surface chemistry. In addition, they display a large surface 

area-to-volume ratio, which is ideal for low mass-transfer effects in chromatography 

[61]. In this way, these materials present the ability to selectively interact with the 

capillary surface, the analyte or both producing high mass transfers and greatly changing 

the parameters of a separation [65]. 

The large surface area acts as a platform for the adoption of analytes or ligands, which 

differentially interact with the analytes occupying a small volume, offering another 

mode of separation. Taken advantage of these features the precision and separation 

efficiency of the separation techniques can be improved. 

To date, NPs have been extensive use in high performance liquid chromatography 

(HPLC), GC, CE, capillary electrochromatography (CEC), open tubular CEC formats and 

microchip CE, employing NPs as components of the separation media. 

• Capillary electrophoresis 

One of the CE modalities is the well-known Electrokinetic Chromatography (EKC) in 

which the separation is produced by differences in the distribution coefficients of the 

analytes between a pseudo-stationary phase and the electrophoretic buffer. The 

separation is also the result of the different migration of free analytes and those that 

are interacting with the pseudophase under the application of an electric field [66]. The 

carbon-based NPs can act as pseudo-phases in the form of internal coatings of the 

capillaries or as additives in the separation electrophoretic buffer. The main 

disadvantage associated with the use of NPs in EC, is their low stability in aqueous media 

and organic solvents, which makes necessary the superficial functionalization of the NPs 

or the addition of species as surfactants that facilitate their solubilization. Micellar 

electrokinetic chromatography of dispersed NPs (MiNDEKC) [67] is another 

electrophoretic modality that uses NPs coated with surfactant as additives in the 

electrophoretic buffer. 
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A large variety of NPs has successfully been employed as pseudo stationary phases in 

capillary electrophoresis such as MWCNTs [68], fullerenes, graphene [69], polymers, 

silica [67-71], magnetic and non-magnetic metal oxides, AgNPs and AuNPs [72]. 

• Chromatographic techniques 

The exceptional properties of NPs also make them suitable for implementation as 

stationary phases in GC and LC [73]. LC is an essential separation technique for a large 

variety of scientific areas. The miniaturization of LC has been mainly derived from the 

reduction of the analytical column dimensions, the development of novel stationary 

phase materials and the improvement of detection systems. 

NPs can be packaged inside the chromatographic columns or immobilized on the 

internal walls of the columns. The separation performance is, however, not just 

dependent on the particle size, but also on parameters such as monodispersity or 

porosity [74]. The first strategy involves problems of overpressure and a significant 

reduction of the area of interaction with the analyte. This is the reason why the second 

strategy is the most used today. Different applications in GC have been described in this 

sense. The use of NPs in LC is much more restricted than in GC due to the high pressures 

generated along with the heating caused by friction [75]. Capillary 

electrochromatography and ultra-high pressure LC techniques have been derived from 

the use of LC columns with micrometer-sized particles to overcome pressure limitations. 

The sensitivity is compromised when on-column detection is performed as a result of 

the reduction of the analytical dimensions of the LC columns and the reduced sample 

volumes injected. Nevertheless, it is worth noting that electrospray ionization-mass 

spectrometry (ESI-MS) performs optimally at very low flow rates, thus having excellent 

suitability and compatibility with a miniaturized LC column [76]. 

In this case, the miniaturization of separation system offers the following benefits: i) 

reduced sample consumption, ii) reduced consumption of mobile phase/electrolite, iii) 

reduced amounts of stationary phase material, iv) reduced waste generation, v) higher 

separation efficiency, vi) improved separation speed, vii) reduced power consumption, 

viii) economy, ix) portability and x) automation [58]. 

Although this point is of great interest in the analytical process, it has not been an object 

of interest in this Doctoral Thesis. 
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1.4. Nanomaterials as tools for detection of residues in food and 

beverage samples 

Detection is the analytical step where NPs have been used most widely due to their 

ability to replace conventional materials, as well as the advantages of electrochemical 

biosensors. Nanotechnology-based detection approaches include the use of NPs and 

nanostructures to improve sensitivity and selectivity, design new detection schemes, 

improve sample preparation and increase portability [77]. 

Due to its high surface area, chemical reactivity, catalytic efficiency and excellent 

adsorption capacity, NPs are excellent candidates for use in (bio) sensors [78]. Thus, it is 

possible to stabilize the molecules due to the transfer of electrons. In addition, the 

possibility of binding specific ligands on its surface increases the biocompatibility, 

selectivity and sensitivity of the sensor. 

NPs can be used as surface modifiers of transducers, or as optical or electroactive 

components, to improve sensitivity, accelerate response times, allow multidetection or 

provide more stable responses. Next, sensors based on optical and electrochemical 

detection are briefly described. 

• Optical sensors 

An optical sensor is a device which converts light rays into electronic signals, measuring 

the physical quantity of light and translates it into a form read by the instrument. In 

other words, optical sensors are based on changes in the optical properties of NPs as a 

result of their interaction with the analyte. These changes may consist of surface 

resonance plasmon alterations, such as: i) modification of its wavelength or intensity 

(known as localized surface plasmon resonance spectroscopy, LSPR) [79-81]; ii) visible 

changes in color as a result of the alteration of the state of aggregation of NPs [81]; iii) 

Raman inelastic dispersion increase SERS [82-84]; or iv) increase in temperature due to 

non-radiative energy decay (applications in imaging) [85]. 

Likewise, fluorescent NPs, such as QDs and AuNPs and AgNPs, can alter their native 

fluorescence in the presence of the analyte (quenching or fluorescent inactivation), 

which allows the detection of compounds of different nature [86]. Another example are 

SWCNTs, which are fluorophores in the near infrared zone (NIR) although their practical 

application as sensors is quite limited since their fluorescent properties vary depending 

on their stability. Glucose sensors based on CNTs have already been developed [87]. 
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• Electrochemical sensors 

These sensors are devices that give information about the composition of a system by 

coupling the target analyte to an electrochemical transducer. Electrochemical sensors 

use NPs to modify the surface of transducers or as electroactive components in order to 

improve sensitivity. The NPs can act as catalysts of electrochemical reactions that favor 

a more effective catalysis and a greater surface of effective interaction, a faster mass 

transport and a greater control of the microenvironment of the electrode. They also 

allow to modify the electronic transfer processes and improve the conductivity between 

the analyte receptor and the electrode. 

There are electrochemical sensors based on CNTs and modified graphene with NPs that 

have been used for various purposes [88-90], such as the detection of cholesterol [91]. 

However, metal NPs and inorganic NPs are currently the most exploited in this field. In 

recent years, many reports on screen-printed carbon electrodes technology have been 

used to develop various electrochemical sensors [92-94]. 

The miniaturization of detection step offers the following benefits: i) reduced sample 

consumption, ii) reduced consumption of gas and reagents, iii) improved sensitivity, iv) 

reduced waste generation, v) high reproducibility with very small sample volumes, vi) 

fast response, vii) reduced power consumption, viii) economy, ix) portability and x) 

automation [58]. 

In this Doctoral Thesis, NPs have been employed in the detection step for the 

determination of vitamin B6 in food and pharmaceutical samples, the determination of 

sulfapyridine in milk samples and the detection of Rhodamine B in chili powder. All of 

this will be explained in deep in Section 3.2. 

 

1.5. Nanomaterials as analytical objects in food and beverage 

samples 

The use of NMs in the agri-food industry is increasingly widespread, without us being 

aware of it. Even so, more research is needed to better understand the characteristics 

of NPs and be able to rule out possible risks to our health and the environment. 

Nanotechnology in food has its application in areas like the quality and food security, 

development of new products and packaging. This contributes to improve functional 

properties, for example foods with low sodium content that have a salty flavor. The 

formation of NPs, nanoemulsions and nanocapsules, will allow to improve the 
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nutritional value of products and to improve its absorption in the body, so that the 

bioavailability and dispersion of the interest nutrients increase [95]. 

In 2009, the European Food Safety Authority (EFSA) carried out an assessment of the 

potential risks of nanotechnologies for food and feed, concluding that there were still 

many uncertainties about their safety, and that it could be very difficult to offer 

conclusions fully satisfactory [96]. 

Figure 1.5.1 shows the types of NPs used in food. Organic NPs are used as nutritional 

delivery system or nutraceuticals, generally micelles, nanospheres or other forms, 

composed of approved food-grade materials, which are available as lowcost bulk 

ingredients [97]. Various ingredients can be encapsulated within the NP structure, 

thereby improving the bioavailability of ingredients that have poor bioavailability by 

themselves [98]. On the other hand, inorganic NPs, including metal and metal oxide-

based NPs, have emerged as potential nanomaterial in food. Their intrinsic properties at 

the nanoscale level such as mechanical, thermal, optical, antimicrobial properties find 

advantages in food sciences to improve long term and sterility of food packaging and to 

design new composites for food additives [99]. Detection of food contamination at 

different stages from the processing to the storage is reckoned as another crucial aspect 

in food science. 

Figure 1.5.1. Types of nanoparticles used in food. 

 

At this point, it should be emphasize that there are two main types of metal oxide NPs 

presented as food additives in a large variety of food products: silicon dioxide (SiO2), also 

known as synthetic amorphous silica or E551 and titanium oxide (TiO2) known as food-

grade (E171), [100], which is available as synthetic forms of anatase, rutile, and others. 

This food additive is used to enhance the white color, brightness, and sometimes flavor 

of a variety of food products [101]. Although the release of TiO2NPs to the environment 
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has been shown qualitatively, quantification of how much is released is difficult. The 

same is true fro the human exposure, as estimated uptake rates of different types of 

NPs range depending on type, size and shape of the NPs [102]. 

Nanotechnology has the potential to revolutionize the global food system but, due to 

the poor knowledge that exists today about the composition and real characteristics of 

NPs or nanostructured compounds, as well as their presence in agri-food matrices, it is 

needed to develop analytical methodologies to extract information. The development 

of effective analytical methods for the rapid and accurate characterization and detection 

of NPs is mandatory in order to advance in the field of nanotechnology. 

As has already been discussed throughout this introduction, the N&N involves 

measuring dimensions of only a few nanometers. The so-called nanometrology is, 

therefore, a very current and interesting topic where analytical chemists can contribute 

substantially to its advancement. 

The need for analysis of nanoworld has been exploded in recent years due the increasing 

use of engineered nanoparticles (ENPs) in various industries. At nanoscale, analytical 

measurement challenges are noteworthy and the ability to measure the elemental 

concentration of a NP as the only metric to assess the material does not provide all the 

information needed. Consequently, to complete analysis of nanoworld it is necessary to 

know a multitude of chemical and physical parameters, including particle size and shape, 

surface features and the presence of any surface coating or impurities. Figure 1.5.2 

represents the eight features commonly measured and the current analytical 

technologies that can be applied in each case. 

 

Figure 1.5.2. Physical and chemical characteristics to detect nanoparticles (adapted from [12]). 
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Analytical methods for the detection and quantification used to explore the nanoworld 

can be divided into three groups: fractionation, counting and ensemble methods [12]. 

The first group, iclude the most applied technique which is asymmetric flow field-flow 

fractionation (AF4) coupled with multiangle light scattering (MALS) and inductively 

coupled plasma mass (ICP-MS) for sizing and quantification of metal and metal oxide 

NPs [103,104] [JRCastillo 1y5]. Separation techniques for charaterization and 

quatification are size exclusion chromatography (SEC), hydrodynamic chromatography 

(HDC) and CE which have been combined with ultraviolet (UV) and ICP-MS detectors. 

These methods are sensitive and enable further analysis of the sample. 

The second group are there based on electron microscopy widely used to characterize 

NPs. The commonly used methods to determine the size distribution of NPs involve 

TEM, SEM, AFM and SEC. For example, SEM technique is based on electron scanning 

principle, and it provides all available information about the NPs at nanoscale level. This 

technique is also used in order to study not only the morphology of their NMs, but also 

the dispersion of NPs in the bulk or matrix. Similarly, TEM is based on electron 

transmittance principle, so it can provide information of the bulk material from very low 

to higher magnification. Moreover, the high resolution of this technique owes to the fact 

that electrons have a much smaller wavelength than photons from the visible spectrum 

(the source used in optical microscopy). In simpler terms, a shorter wavelength means 

higher resolution. Thus, a wide variety of NMs can be characterized by TEM. 

These methods, however, have problems such as degradation of samples and 

irreversible adsorption of surface-active NPs. Chromatography techniques have 

inherent limitations with respect to sample degradation and irreversible adsorption of 

active surface NPs [105].  

CE, also referred to as capillary zone electrophoresis, is a powerful technique for the 

separation of charged macromolecules according to their size-to-charge ratio. CE is able 

to separate charged aggregate states of matter such as micelles and non-bonded 

aggregates such as nucleic acid hybrids, as well as bioparticles. It has been used to 

separate a variety of differently sized materials, including Fe, Au and AgNPs, CNTs, QDs 

and polymers, among others. CE offers a number of advantages, including short analysis 

time, small sample mass and volume requirements, and the convenience of 

autosampling. 

Other separation techniques used in this field are centrifugation [106], ligand assisted 

extraction (LAE) [107], SPE [108], microextraction with ionic liquids (UEIL) [109], 

microfiltration and dialysis, among others. 
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The third group assembles techniques by which a large number of NMs are measured 

simultaneously. These techniques are DLS, X-ray powder diffraction (XRD), surface 

plasmon resonance (SPR) and coherent anti-Stokes Raman (CARS), among others. 

To estimate the size of the NPs, different techniques can be used such as SEM, TEM, 

XRD, AFM, and dynamic light scattering (DLS). The three first ones can give better idea 

about the particle size [110], but the zeta potential size analyzer/ DLS can be used to 

find the NPs size at extremely low level by measuring the random changes in the 

intensity of light scattered from a suspension or solution. Examples for DLS include 

determining AuNPs size, protein size, latex size, and colloid size. In some cases, DLS can 

be used as analytical tool for measuring the hydrodynamic size of NPs and colloids in a 

liquid environment. In this sense, AuNPs are extraordinary light scatterers at or near 

their SPR wavelength. One study demonstrated that DLS can be used as a very 

convenient and powerful tool for AuNPs bioconjugation and biomolecular binding 

studies [111]. 

XRD is one of the most important characterization techniques to reveal the structural 

properties of NPs. It gives enough information about the crystallinity and phase in which 

NPs are. It also gives rough idea about the particle size through Debye Scherer formula 

[112]. This technique works well in both single and multiphase NPs identification. 

Nevertheless, in the case of NPs having size less than hundreds of atoms, the acquisition 

and correct measurement of structural and other parameters may be difficult. 

Moreover, NPs having more amorphous characteristics with varied interatomic lengths 

can influence the XRD diffractogram. 

Vibrational characterization of NPs is normally studied via FT-IR and Raman 

spectroscopies. These techniques are the most developed and feasible as compared to 

other elemental analytical methods. Infrared spectroscopy is a powerful tool for 

quantitative analysis as the amount of infrared energy absorbed by a compound is 

proportional to its concentration. However, until recently, IR spectroscopy has seen 

fairly limited application in both the qualitative and the quantitative analysis of food 

systems, largely owing to experimental limitations. The development of Fourier 

transform infrared (FTIR) spectroscopy during the past two decades has revitalized the 

field of IR spectroscopy which has the potential to become an important tool for the 

quantitative analysis in the food field, among others [113]. 

On the other hand, Raman spectroscopy is a scattering technique based on Raman 

effect, i.e., frequency of a small fraction of scattered radiation is different from 

frequency of monochromatic incident radiation. It is based on the inelastic scattering of 

incident radiation through its interaction with vibrating molecules [114]. Here, sample 
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is illuminated with a monochromatic laser beam which interacts with the molecules of 

sample and originates a scattered light. The scattered light having a frequency different 

from that of incident light (inelastic scattering) is used to construct a Raman spectrum. 

Raman spectra arise due to inelastic collision between incident monochromatic 

radiation and molecules of sample. When a monochromatic radiation strikes at sample, 

it scatters in all directions after its interaction with sample molecules. Much of this 

scattered radiation has a frequency which is equal to frequency of incident radiation and 

constitutes Rayleigh scattering. Only a small fraction of scattered radiation has a 

frequency different from frequency of incident radiation and constitutes Raman 

scattering. When the frequency of incident radiation is higher than frequency of 

scattered radiation, Stokes lines appear in Raman spectrum. However, when the 

frequency of incident radiation is lower than frequency of scattered radiation, anti-

Stokes lines appear in Raman spectrum. Scattered radiation is usually measured at right 

angle to incident radiation [115]. Figure 1.5.3 shows the corresponding energy level 

diagram for Raman scattering. 

 

Figure 1.5.3. Energy level diagram of Raman signals. 

 

The major problem associated with this technique is the low sensitivity due to weak 

Raman scattering. However, sensitivity can be enhanced using SERS. This technique was 

first reported in 1974 by Fleishman and colleagues [116]. SERS is a modified technique 

in which sample is adsorbed on a colloidal metallic surface (silver, gold or copper, 

generally) and thereby improves the intensity of Raman signals and also quenches the 

fluorescence caused by cutting agents, diluents and matrices [117]. 
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Looking at the variety of these analytical techniques, AF4 is by far the most widely used 

FFF technique for analysis of nanoworld due to the possibility to couple it with different 

detectors (UV-Vis, MALS, DLS, ICP-MS, etc.). 

Apart from these techniques, electrochemical methods [118] have been also employed 

for the analysis of NPs such as voltammetry. Thermogravimetric analysis (TGA) has been 

also used, for example [119], as a bulk characterization method for determining CNTs 

quality after manufacturing and/or after oxidation processes. Nowadays, there is a 

tendency to combine microscopic and spectroscopic techniques in order to obtain 

information about both the size and chemical composition of materials. Examples are 

the combination of AFM-ATR-IR, AFM-Raman or AFM-SECM. These techniques may be 

also useful in the case of the analysis of NMs. 

 

Table 1.5.1. Specifications of methods for analysis and characterization of nanoparticles in food 

field. Adapted from ref [12]. 

Type of NM Technique Highlights Ref 

SiO2NPs 

TEM 
First online hyphenation of CE and ELSD for 

characterization and quantification of SiO2NPs in salt 
samples and comparison of results by ICP-MS 

[36] CE-ELSD 

ICP-MS 

AgNPs 

TEM 
First time of coupling the AF4 and ICP-MS in conventional 

and single nanoparticles mode for AgNPs separation in 
chicken meat 

[120] AF4-ICP-MS 

Sp-ICP-MS 

AgNPs 
TEM, SEM, EDS and 

ICP-OES 
Combination of TEM, SEM, EDS and ICP-OES techniques to 

detect contamination of pears by AgNPs 
[121] 

TiO2NPs AF4-DAD-DLS-MALS 
Determination of particle shape and particle size 
distribution of SiO2NPs in food and feed samples. 

[122] 

AuNPs, CeO2, 
Zno 

TEM, ESEM/EDS, 
ICP-MS 

Confirmation of the presence of the NP in fish. 
Characterization of size, particle shape/ morphology and 

qualitative aggregation by TEM and ESEM/EDS 
[123] 

SiO2NPs AF4-MALS-ICP-MS 
Simultaneous size determination and quantification of 

SiO2NPs in food samples 
[124] 

TiO2NPs DLS, SEM 

This study quantifies the amount of titanium in common 
food products, derives estimates of 

human exposure to dietary (nano-) TiO2, and discusses the 
impact of the nanoscale fraction of TiO2 entering the 

environment 

[96] 

 

Some of the current applications for the analysis of nanoworld in food field are reported 

in Table 1.5.1. The field of the food industry and its applications in N&N is one of the 

items on the agenda required for the development of the sector, which would benefit 

both the local consumer and the national economy by allowing the country to compete 

internationally, with innovative food products. However, in the food field, NPs are used 
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throughout the agricultural-food sector from crop treatment to food storage and 

delivery. In some cases, the NPs are short-lived and degrade quite easily. In other cases, 

consumers may be exposed to the NPs, demanding a risk assessment. Awareness of this 

new exposure route has focused the attention of the EC on materials traditionally used 

as additives in food or food supplements, including SiO2NPs, TiO2NPs, AgNPs and black 

carbon. When the NPs are extracted from the environmental matrix, it is extremely 

important to consider the ionic composition and pH [125-127] of the extracting 

solutions. This is required to maintain NPs in their native state, preserving their natural 

particle size distribution and their elemental chemical composition, and to avoid altering 

the interactions of the NPs with trace metals. 

Screening methods based on a binary response (positive or negative samples, presence 

or absence of analyte according to a level of cut, etc.) constitute an important part of 

this type of analysis. Metrology and issues related to quality assurance associated with 

this type of information are currently being developed, with the reliability of the binary 

response, based on the traceability and uncertainty of the information, and the 

validation of these methodologies, the most important aspects to consider [128]. 

Screening methods ensure the agreement between the chemical information that is 

generated in the laboratory and that required by the client in the context of the 

analytical problem. This characteristic, together with the rapidity of response they 

provide, means that screening methods are increasingly important in routine 

laboratories [129,130]. Screening methods can detect an analyte or a family at the level 

of interest, and usually provide semi-quantitative results [131,132]. These methods are 

used to classify the samples as positive or negative in a very fast way. The main 

characteristics are: its character more qualitative than quantitative; they are simple, fast 

and low-cost methodologies; they offer a binary response that requires a confirmation 

of those positive samples by means of a conventional analytical methodology; simplify 

(or eliminate) the sample treatment; high throughput, ease of use, and reduce the use 

of high cost and high maintenance instruments in routine analyzes. 

These methodologies can be classified depending on the detection system used [133]. 

Thus, they are distinguished as classic or sensory qualitative analysis and instrumental 

qualitative analysis. 

❖ In sensory qualitative analyzes, human senses such as sight are used. They are 

mainly based on the appearance of a change in the color of a solution or strip, or 

on the appearance of turbidity as a result of a chemical, biological immunological 

reaction between the analyte of interest and the reagents involved in the 

analytical method [134]. In this way, the brain is the one that processes the signal 



Introduction   43 
 

and the identification is made by sensory comparison with a target. These 

methods include spot tests or test kits (commercial devices designed for specific 

applications) and are used to qualify or classify samples. 

❖ Qualitative methods based on instrumental detection are basically quantitative 

conventional methods in which the information obtained is treated qualitatively 

[135]. In this type of analysis, the response corresponds to an instrumental 

measurement such as absorbance, fluorescence, voltammetry, etc, which is 

based on the physico-chemical properties of the analyte. Thus, the presence 

(binary response YES) or not (binary response NO) of the analyte depends on the 

level of interest to detect it. This level may correspond to the detection limit of 

the method or to a higher level set by the legislation or the client [134]. This type 

of method does not use calibration curves, but the response of the study sample 

is compared with the response provided by a control sample, which acts as a 

reference since it contains the analyte of interest with the selected 

concentration (established limit). 

Although the presence of NMs in consumer products represents a major concern for 

public health safety agencies as well as for consumers, the potential impact of these 

products on human health has been poorly characterized. At present, the very limited, 

and often conflicting data derived from published literature make it difficult to 

generalize about health risks associated with exposure to NMs [136]. There is therefore 

an urgent need to clarify the toxic effects of NPs and NMs and to elucidate the 

mechanisms involved in their toxicity. In view of the large number of NMs currently in 

use, screening techniques aimed at accurately predicting and assessing toxicity are 

clearly needed. Figure 1.5.4 shows the general scheme for the screening methodologies 

for NMs. 

 

Figure 1.5.4. Screening methodologies for nanomaterials. 
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Up to now, there are not models and tests that should be used to analyze the in vitro 

toxicity of NPs and NMs and at present no clear regulatory guidelines on testing and 

evaluation are available. The heterogeneity of NMs severely limits the feasibility of 

producing general toxicity protocols to address NM risk assessment. However, reliable, 

robust and validated protocols for testing NPs and NMs toxicity are essential for human 

and environmental risk assessment. 

Therefore, the objectives of Analytical Chemistry are now much more ambitious than 

those stated above, so the role of the analytical chemist must adapt to these new needs. 

 

Determination of nanoparticles in food samples 

The application of nanotechnology in different consumer products has delivered new 

products with highly desirable properties, but at same time has opened a new window 

for a wide group of emerging contaminants and a new type of human exposure which 

needs to be assessed. N&N has emerged as one of the most innovative technologies and 

has the potential to improve food quality and safety. However, there are a few studies 

demonstrating that NMs are not inherently benign [137]. 

Most of the current human toxicological information on NMs comes from particles at 

nanometer scale in air, and their effects via inhalation. However, there are other routes 

of human exposure, such as water and food where their effects on human health and 

the environment have been less studied. Thus, it is necessary to evaluate NMs in food 

and environment, with both matrices being of considerable interest. Imaging techniques 

(e.g., electron microscopy, scanning electron microscopy and X ray microscopy), 

separation methods (e.g., field-flow fractionation and chromatographic techniques) and 

detection or characterization techniques (e.g., light scattering, Raman spectroscopy and 

mass spectrometry), have been added to the analytical techniques that have commonly 

been used to characterize NMs in food. 

Figure 1.5.5 shows different areas of application in the food-processing chain, grouped 

by target area. A complex set of engineering and scientific challenges in the food and 

bioprocessing industry in manufacturing high-quality, safe food with efficient, 

sustainable resources can be solved through nanotechnology. Among emerging 

applications of nanotechnology in the food industry are: 

• Bacteria identification and food-quality monitoring using biosensors. 

• Intelligent, active, and smart food-packaging systems. 

• Nanoencapsulation of bioactive food compounds such as micelles, liposomes, 

nanoemulsions and biopolymeric NPs, amongst others. 
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Figure 1.5.5. Nano applications in food and the food industry. 

 

NMs are able to cross biological membranes and access cells, tissues and organs that 

larger particles normally cannot [138]. NMs can also enter the blood stream via 

inhalation or ingestion, and some NMs penetrate the skin. Then, once in the blood 

stream, NMs can be transported around the body and taken up by organs and tissues, 

including brain, heart, liver, kidneys, spleen, bone marrow and nervous system. Studies 

demonstrate the potential of NMs to cause DNA mutation and induce major structural 

damage to mitochondria, even resulting in cell death [139-142]. Size is a key factor in 

determining the potential toxicity of a particle [143], but there are also other 

contributing aspects such as chemical composition, morphology or shape, surface 

structure, surface charge, aggregation and solubility, and the presence or absence of 

other chemical functional groups) [144]. 

Thus, it is necessary to develop analytical tools to control the content of NMs in food. 

To obtain this information, reliable quantitative methods of analysis are required to 

measure levels of NMs in a broad range of matrices. In food, there are natural NMs, NMs 

intentionally added (derived from naturally occurring food components or engineered 

using materials that are not endogenous to foods). Many food substances or ingredients 

have nanostructures in nature and are present at μm or nm in size. 

NMs in food contribute to the complexity of the analysis. This is the reason why it is 

crucial to distinguish between particles at microscale and nanoscale; and, secondly, due 

to their specific physico-chemical properties, NPs could interact with proteins, lipids, 

carbohydrates, nucleic acids, ions, minerals and water in food, feed and biological 

tissues. For example, proteins and carbohydrates have large specific surface areas and 
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a high electrochemical surface charge that make them interact with charged particles, 

interacting with hydrophobic NPs like fullerenes and CNTs. 

Despite the rapid commercialization of nanotechnology, there is no specific regulations 

and most regulatory agencies remain in information-gathering mode and lacking the 

legal and scientific tools. At present, international organizations are still attempting to 

determine the current capacity to assess the health and safety risk associated with the 

use of nanotechnology in food and food production and on surfaces in contact with food. 

Through its horizon-scanning activities, the Food and Agriculture Organization (FAO) has 

recognized the need for scientific advice on any food-safety implications that may arise 

from the use of nanotechnologies in the food and agriculture sectors [137]. 

 

1.6. Nanomaterials as tools for analytical objects in food and 

beverages “third way” 

So far, the classical working lines of AN&N have been the characterization/ 

determination of NMs and their use as tools for improving analytical processes, as has 

been discussed through this Introduction. Recently, a widely discussed topic in the 

context of AN&N consists of the synergistic combination of these two facets in the same 

analytical process; that is, the determination of NMs using NMs of the same or different 

nature [145]. 

The exponential increasing production and use of NPs will lead to their release and 

accumulation in the environment, affecting both humans and the environment. The use 

of nanofood ingredients, additives, supplements, and contact materials is attracting 

much attention [146], which is raising concerns over the safety in food and food related 

products. Moreover, the unique physicochemical properties of NPs are expected to 

result in increased reactivity with biological systems and this is why it is important to 

assess their potential to accumulate in the body and produce undesired side effects. Due 

to NMs in food can undergo transformations, it is necessary to determine not only the 

NM in its primary form, but also the derived products [145]. 

The so-called “third way” serves as a complementary alternative to the two classical 

facets of AN&N as can be seen in Figure 1.6.1. NPs can simultaneously act as an object 

(analyte) in the sample and a tool in the different steps (sample preparation, 

chromatographic or capillary electrophoresis separation, and detection) of the same 

analytical process. With this new approach it is intended to improve the existing and 
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develop new approaches to extract chemical information from AN&N as well as for the 

characterization and determination of NMs. 

 

 

Figure 1.6.1. Scheme of the two classical facets of AN&N and their combination in the so-called 

"third way". 

There are only few are applications of NPs used as sorbents capable of targeting other 

nanoobjects. The first reported is the use of CNTs in sampling and separation by virtue 

of their peculiar π- π stacking interactions, so their potential in the “third way” is 

fundamental for cases of targeting NMs composed of aromatic systems; such is the case 

of MWCNTs immobilized on filters for extracting and preconcentrating oxidized single 

SWCNTs [147,148]. In other cases, chemical modification of the NP surface seems to be 

an excellent alternative for achieving methods capable of targeting nanoobjects.As an 

example, the structure of eco-friendly nanocellulose is getting more interest as sorbent 

material of metallic NPs [149]. 

The main contributions of NPs in sensing deal with their unique optical properties. The 

instrumental techniques involved are Raman scattering (such as SERS) [150], 

fluorescence [151], molecular absorption, spectroscopy [152], microcopies, and 

electroanalytical techniques [153] among others. 

SERS spectroscopy has been used for analyzing adsorbed molecules/nanomaterials. For 

example, the use of AuNPs and AgNPs in the detection of a variety of carbon NMs 

include applications such as CNTs (SWNTs and MWNTs) [154,155], fullerenes [156,157], 

graphene [158], and graphene oxide (GO) [159]. 

As has been verified by Chu et al. [160], SWNTs have been decorated with AuNPs 

observing an enhancement of SERS signal produced by the coupling of the SPR 
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absorption of AuNPs. In addition, SERS has been used for the determination of 

sulfapyridine in milk samples by using a simple and reproducible SERS substrate 

combining the properties of MWCNTs and AuNPs [150]. 

Fullerenes have been also proved to increase the Raman signal by using AgNPs, as 

demonstrated by Niu and Fang [161]. Moreover, AgNPs have been demonstrated to 

enhance the fluorescence of graphene quantum dots, obtaining a high 

photoluminescent quantum yield [162]. This phenomenon could be used for the 

determination of AgNPs by measuring the effect produced on the fluorescence 

properties of graphene quantum dots.  



Introduction   49 
 

References 

[1] M. Valcárcel. Las nanoestructuras de carbono en la nanociencia y nanotecnología 

analíticas. Discurso de recepción como académico de número de la Real Academia de 

Ciencias (2010). 

[2] Nanotecnologia Nanociencia, http://www.portalciencia.net/nanotecno/ (accessed 

on 08/12/2018). 

[3] M. Lucas, Z.L. Wang, E. Riedo, Combined polarized Raman and atomic force 

microscopy: In situ study of point defects and mechanical properties in individual ZnO 

nanobelts, Appl. Phys. Lett. 95 (2009) 051904-051907. 

[4] A.B. Delcalzo, R. Martínez-Mañez, F. Sancenon, K. Hoffmann, K. Rurack, The 

Supramolecular Chemistry of Organic-Inorganic Hybrid Materials, Angew. Chem. Int. Ed. 

45 (2006) 5924-5948. 

[5] C.Y. Lee, M.S. Strano, Amine Basicity (pKb) Controls the Analyte Binding Energy on 

Single Walled Carbon Nanotube Electronic Sensor Arrays, J. Am. Chem. Soc. 130 (2008) 

1766-1773. 

[6] A. Rosa, M. Yan, R. Fernandez, X. Wang, E. Zegarra, Proton-fountain Electric-field-

assisted Nanolithography (PEN): Fabrication of polymer nanostructures that respond to 

chemical and electrical stimuli. An overview in the context of the top-down and bottom-

up approaches to nanotechnology, Revista de la Facultad de Ciencias de la UNI. 15 

(2012) 87-129. 

[7] G.A. Mansoori, T.F. George, L. Assoufid, G. Zhang, Molecular Building Blocks for 

Nanotechnology, From Diamondoids to Nanoscale Materials and Applications. 109 

(2007). 

[8] J. Garnaes, L. Nielsen, D.F. Metrology, E. Jacobsen, M. Køcks, P. Bøgh Pedersen, P. 

Wahlberg, Requirements to Measurements of Nanomaterials and Nanoproducts, The 

Danish Environmental Protection Agency, (2015). 

[9] C.X. Zhao, L. He, S.Z. Qiao, A.P.J. Middelberg, Nanoparticle synthesis in microreactors, 

Chem. Eng. Sci. 66 (2011) 1463-1479. 

[10] H. Gleiter, Nanostructured materials: basic concepts and microstructure, Acta 

Mater. 48 (2000) 1-29. 

[11] M.H.A. Hassan, Small things and big changes in the developing world, Science. 309 

(2005) 65-66. 

[12] M. Laura Soriano, M. Zougagh, M. Valcárcel, Á. Ríos, Analytical Nanoscience and 

Nanotechnology:Where we are and where we are heading, Talanta. 177 (2018) 104-121. 



50   
 

 

[13] M. Valcárcel, B.M. Simonet, S. Cárdenas, Analytical nanoscience and 

nanotechnology today and tomorrow, Anal. Bioanal. Chem. 391 (2008) 1881-1887. 

[14] J. Ruzicka, The second coming of flow-injection analysis, Anal. Chim. Acta. 261 

(1992) 3-10. 

[15] A.M. Thayer. Chem. Eng. News 86 (2008) 10-15. 

[16] A.I. López-Lorente, B.M. Simonet, M. Valcárcel, Analytical potential of hybrid 

nanoparticles, Anal. Bioanal. Chem. 399 (2011) 43-54. 

[17] The Royal Academy of Engineering The Royal Society, http://www.nanotec.org.uk 

(accessed on 18/05/2013). 

[18] A. Daniszewska, W. Łojkowski, H.J. Fecht, K.J. Kurzydłowski, U. Narkiewicz, G. 

Salishchev, M.J. Zehetbauer, M. Kulczyk, M. Chmielecka, D. Kuzmenko, Metallic Nano-

Materials and Nanostructures: Development of Technology Roadmap, Solid State 

Phenom. 114 (2006) 345-391. 

[19] F.S. Ligler, H.S. White, Nanomaterials in analytical chemistry, Anal. Chem. 85 (2013) 

11161-11162. 

[20] Y. Zhou, C.H. Yen, S. Fu, G. Yang, C. Zhu, D. Du, P.C. Wo, X. Cheng, J. Yang, C.M. Wai, 

Y. Lin, One-pot synthesis of B-doped three-dimensional reduced graphene oxide via 

supercritical fluid for oxygen reduction reaction, Green Chem. 17 (2015) 3552-3560. 

[21] H. Gao, G. Hu, Graphene production via supercritical fluids, RSC Adv. 6 (2016) 

10132-10143. 

[22] M. Causà, A. Zupan, Density functional LCAO calculation of periodic systems. A 

posteriori correction of the Hartree-Fock energy of covalent and ionic crystals, Chem. 

Phys. Lett. 220 (1994) 145-153. 

[23] R.A. Shimkunas, E. Robinson, R. Lam, S. Lu, X. Xu, X.Q. Zhang, H. Huang, E. Osawa, 

D. Ho, Nanodiamond-insulin complexes as pH-dependent protein delivery vehicles, 

Biomaterials. 30 (2009) 5720-5728. 

[24] A.S. Barnard, Diamond standard in diagnostics: nanodiamond biolabels make their 

mark, Analyst. 134 (2009) 1751-1764. 

[25] V. Vamvakaki, K. Tsagaraki, N. Chaniotakis, Carbon nanofiber-based glucose 

biosensor, Anal. Chem. 78 (2006) 5538-5542. 

[26] B. O´RRegan, and M. Gratzel, A Low-Cost, High-Efficiency Solar Cell Based on Dye-

Sensitized Colloidal TiO2 Films, Nature. 353 (1991) 737-740. 

[27] V. Moreno, E.J. Llorent-Martínez, M. Zougagh, A. Ríos, Decoration of multi-walled 

carbon nanotubes with metal nanoparticles in supercritical carbon dioxide medium as a 



Introduction   51 
 

novel approach for the modification of screen-printed electrodes, Talanta. 161 (2016) 

775-779. 

[28] A.K. Geim, K.S. Novoselov, The rise of graphene, Nat. Mater. 6 (2007) 183-191. 

[29] F. Cong, L. Jian-Ping, Application of dendrimers in analytical chemistry, Chin. J. Anal. 

Chem. 41 (2013) 1762-1772. 

[30] F. Kolarov, K. Niedergall, M. Bach, G.E.M. Tovar, G. Gauglitz, Optical sensors with 

molecularly imprinted nanospheres: A promising approach for robust and label-free 

detection of small molecules, Anal. Bioanal. Chem. 402 (2012) 3245-3252. 

[31] T. Elbayoumi, V. Weissig, Implications of intracellular distribution of nanovesicles 

for bioimaging studies, J. Biomed. Nanotechnol. 5 (2009) 620-633. 

[32] X.-F. Zhang, Z.-G. Liu, W. Shen, S. Gurunathan, Silver Nanoparticles: Synthesis, 

Characterization, Properties, Applications, and Therapeutic Approaches, Int. J. Mol. Sci. 

17 (2016) 1534-1568. 

[33] U. Resch-Genger, M. Grabolle, S. Cavaliere-Jaricot, R. Nitschke, T. Nann, Quantum 

dots versus organic dyes as fluorescent labels, Nat. Methods. 5 (2008) 763-775. 

[34] C. Carrillo-Carrión, S. Cárdenas, B.M. Simonet, M. Valcárcel, Quantum dots 

luminescence enhancement due to illumination with UV/Vis light, Chem. Commun. 

(2009) 5214-5226. 

[35] J.S. Beveridge, J.R. Stephens, M.E. Williams, The Use of Magnetic Nanoparticles in 

Analytical Chemistry, Annu. Rev. Anal. Chem. 4 (2011) 251-273. 

[36] C. Adelantado, N. Rodríguez-Fariñas, R.C. Rodríguez Martín-Doimeadios, M. 

Zougagh, Á. Ríos, Analysis of silica nanoparticles by capillary electrophoresis coupled to 

an evaporative light scattering detector, Anal. Chim. Acta. 923 (2016) 82-88. 

[37] N. Eroglu, M. Emekci, C.G. Athanassiou, Applications of natural zeolites on 

agriculture and food production, J. Sci. Food Agric. 97 (2017) 3487-3499. 

[38] B.H. Kim, M.J. Hackett, J. Park, T. Hyeon, Synthesis, characterization, and application 

of ultrasmall nanoparticles, Chem. Mater. 26 (2014) 59-71. 

[39] J. Park, K. An, Y. Hwang, J.E.G. Park, H.J. Noh, J.Y. Kim, J.H. Park, N.M. Hwang, T. 

Hyeon, Ultra-large-scale syntheses of monodisperse nanocrystals, Nat. Mater. 3 (2004) 

891-895. 

[40] S. Sun, H. Zeng, Size-controlled synthesis of magnetite nanoparticles, J. Am. Chem. 

Soc. 124 (2002) 8204-8205. 

[41] P.S. Moore, Y. Chang, Why do viruses cause cancer? Highlights of the first century 

of human tumour virology, NIH Public Access. 10 (2010) 878-889. 



52   
 

 

[42] S.M. Harrell, J.R. McBride, S.J. Rosenthal, Synthesis of ultrasmall and magic-sized 

CdSe nanocrystals, Chem. Mater. 25 (2013) 1199-1210. 

[43] B.H. Kim, et al., Large-scale synthesis of uniform and extremely small-sized iron 

oxide nanoparticles for high-resolution T1 magnetic resonance imaging contrast agents, 

J. Am. Chem. Soc. 133 (2011) 12624-12631. 

[44] J. Zheng, C. Zhang, R.M. Dickson, Highly fluorescent, water-soluble, size-tunable 

gold quantum dots, Phys. Rev. Lett. 93 (2004) 077402-077405. 

[45] V. Biju, T. Itoh, A. Anas, A. Sujith, M. Ishikawa, Semiconductor quantum dots and 

metal nanoparticles: Syntheses, optical properties, and biological applications, Anal. 

Bioanal. Chem. 391 (2008) 2469-2495. 

[46] D.A. Cruz, M.C. Rodríguez, J.M. López, V.M. Herrera, A.G. Orive, A.H. Creus, 

Nanopartículas metálicas y plasmones de superficie: Una relación profunda., Av. En 

Ciencias e Ing. 3 (2012) 67-78. 

[47] M. Valcárcel, S. Cárdenas, B.M. Simonet, Y. Moliner-Martínez, R. Lucena, Carbon 

nanostructures as sorbent materials in analytical processes, TrAC - Trends Anal. Chem. 

27 (2008) 34-43. 

[48] L.L. Zhang, X.S. Zhao, Carbon-based materials as supercapacitor electrodes, Chem. 

Soc. Rev. 38 (2009) 2520-2531. 

[49] S.H. Lee, S. Park, M. Kim, D. Yoon, C. Chanthad, M. Cho, J. Kim, J.H. Park, Y. Lee, 

Supercritical Carbon Dioxide-Assisted Process for Well-Dispersed Silicon/Graphene 

Composite as a Li ion Battery Anode, Sci. Rep. 6 (2016) 32011-32020. 

[50] N. Pantidos, L.E. Horsfall, Biological Synthesis of Metallic Nanoparticles by Bacteria, 

Fungi and Plants, J. Nanomed. Nanotechnol. 5 (2014) 1000233-1000243. 

[51] V. Sanchez-Mendieta, A.R. Vilchis-Nestor, Green Synthesis of Noble Metal (Au, Ag, 

Pt) Nanoparticles, Assisted by Plant-Extracts, Noble Met. (2012) 391-408. 

[52] L.H. Keith, L.U. Gron, J.L. Young, Green analytical methodologies, Chem. Rev. 107 

(2007) 2695-2708. 

[53] Y. Zhou, C.H. Yen, S. Fu, G. Yang, C. Zhu, D. Du, P.C. Wo, X. Cheng, J. Yang, C.M. Wai, 

Y. Lin, One-pot synthesis of B-doped three-dimensional reduced graphene oxide via 

supercritical fluid for oxygen reduction reaction, Green Chem. 17 (2015) 3552-3560. 

[54] P.T. Anastas, Green Chemistry and the role of analytical methodology development, 

Crit. Rev. Anal. Chem. 29 (1999) 167-175. 

[55] G. Morales-Cid, A. Fekete, B.M. Simonet, R. Lehmann, S. Cárdenas, X. Zhang, M. 

Valcárcel, P. Schmitt-Kopplin, In situ synthesis of magnetic multiwalled carbon nanotube 



Introduction   53 
 

composites for the clean-up of (fluoro)quinolones from human plasma prior to ultrahigh 

pressure liquid chromatography analysis, Anal. Chem. 82 (2010) 2743-2752. 

[56] S.M. Sadeghi, The inhibition of optical excitations and enhancement of Rabi 

flopping in hybrid quantum dot-metallic nanoparticle system, Nanotechnology. 20 

(2009) 225041-225047. 

[57] R. Lucena, B.M. Simonet, S. Cárdenas, M. Valcárcel, Potential of nanoparticles in 

sample preparation, J. Chromatogr. A. 1218 (2011) 620-637. 

[58] F. Pena-Pereira, From conventional to miniaturized analytical systems, 

Miniaturization in Sample Preparation. (2014) 1-28. 

[59] F. Laborda, E. Bolea, G. Cepriá, M.T. Gómez, M.S. Jiménez, J. Pérez-Arantegui, J.R. 

Castillo, Detection, characterization and quantification of inorganic engineered 

nanomaterials: A review of techniques and methodological approaches for the analysis 

of complex samples, Anal. Chim. Acta. 904 (2016) 10-32. 

[60] C. Uhlschmied, C. Krieg, G. Abel, M. Popp, C.W. Huck, G.K. Bonn, Evaluation of 

Commercial Solid-Phase Extraction (SPE) Carrier Materials for the Selective Automated 

Enrichment of Monoterpenoides and their Analysis in Cough Drops , Mouthwashes and 

Bath Additives by Gas- Chromatography Mass Spectrometry ( GC-MS), Open Anal. Chem. 

J. 7 (2013) 12-21. 

[61] S. Bhatia, Nanoparticles types, classification, characterization, fabrication methods 

and drug delivery applications, Springer. (2016) 33-93. 

[62] Y. Huang, A.N. Fulton, A.A. Keller, Simultaneous removal of PAHs and metal 

contaminants from water using magnetic nanoparticle adsorbents, Sci. Total Environ. 

571 (2016) 1029-1036. 

[63] J. Sayyad Amin, M. Vared Abkenar, S. Zendehboudi, Natural Sorbent for Oil Spill 

Cleanup from Water Surface: Environmental Implication, Ind. Eng. Chem. Res. 54 (2015) 

10615-10621. 

[64] C. Nilsson, S. Birnbaum, S. Nilsson, Use of nanoparticles in capillary and microchip 

electrochromatography, J. Chromatogr. A. 1168 (2007) 212-224. 

[65] B. Neiman, E. Grushka, O. Lev, Use of Gold Nanoparticles to Enhance Capillary 

Electrophoresis, Anal. Chem. 73 (2001) 5220-5227. 

[66] A. V. Herrera-Herrera, M.A. González-Curbelo, J. Hernández-Borges, M. ángel 

Rodríguez-Delgado, Carbon nanotubes applications in separation science: A review, 

Anal. Chim. Acta. 734 (2012) 1-30. 



54   
 

 

[67] Y. Moliner-Martínez, S. Cárdenas, M. Valcárcel, Surfactant coated fullerenes C60 as 

pseudostationary phase in electrokinetic chromatography, J. Chromatogr. A. 1167 

(2007) 210-216. 

[68] J. Cao, P. Li, L. Yi, Ionic liquids coated multi-walled carbon nanotubes as a novel 

pseudostationary phase in electrokinetic chromatography, J. Chromatogr. A. 1218 

(2011) 9428-9434. 

[69] S. Benítez-Martínez, B.M. Simonet, M. Valcárcel, Graphene nanoparticles as 

pseudostationary phase for the electrokinetic separation of nonsteroidal anti-

inflammatory drugs, Electrophoresis. 34 (2013) 2561-2567. 

[70] F.J. Liu, G.S. Ding, A.N. Tang, Simultaneous separation and determination of five 

organic acids in beverages and fruits by capillary electrophoresis using diamino moiety 

functionalized silica nanoparticles as pseudostationary phase, Food Chem. 145 (2014) 

109-114. 

[71] H. Li, G.S. Ding, J. Chen, A.N. Tang, Amphiphilic silica nanoparticles as 

pseudostationary phase for capillary electrophoresis separation, J. Chromatogr. A. 1217 

(2010) 7448-7454. 

[72] T. Zhao, G. Zhou, Y. Wu, X. Liu, F. Wang, Gold nanomaterials based pseudostationary 

phases in capillary electrophoresis: A brand-new attempt at chondroitin sulfate isomers 

separation, Electrophoresis. 36 (2015) 588-595. 

[73] D. Sýkora, V. Kašička, I. Mikšík, P. Řezanka, K. Záruba, P. Matějka, V. Král, Application 

of gold nanoparticles in separation sciences, J. Sep. Sci. 33 (2010) 372-387. 

[74] J. P. Kutter, Liquid phase chromatography microchips, J. Chromatogr. A. 1221 (2012) 

72-82. 

[75] E. Guihen, Nanoparticles in modern separation science, TrAC - Trends Anal. Chem. 

46 (2013) 1-14. 

[76] G. Desmet, S. Eeltink, Fundamental for LC Miniaturization, Anal. Chem. 85 (2013) 

543-556. 

[77] G. Bülbül, A. Hayat, S. Andreescu, Portable nanoparticle-based sensors for food 

safety assessment, Sensors. 15 (2015) 30736-30758. 

[78] B. Pérez-López, A. Merkoçi, Nanoparticles for the development of improved 

(bio)sensing systems, Anal. Bioanal. Chem. 399 (2011) 1577-1590. 

[79] M. Ben Haddada, D. Hu, M. Salmain, L. Zhang, C. Peng, Y. Wang, B. Liedberg, S. 

Boujday, Gold nanoparticle-based localized surface plasmon immunosensor for 

staphylococcal enterotoxin A (SEA) detection, Anal. Bioanal. Chem. 409 (2017) 6227-

6234. 



Introduction   55 
 

[80] A.R. Zarei, F. Barghak, Application of the localized surface plasmon resonance of 

gold nanoparticles for the determination of 1,1-dimethylhydrazine in water: Toward 

green analytical chemistry, J. Anal. Chem. 72 (2017) 430-436. 

[81] M. Mahmoudi, S.E. Lohse, C.J. Murphy, K.S. Suslick, Identification of Nanoparticles 

with a Colorimetric Sensor Array, ACS Sens. 1 (2016) 17-21. 

[82] H. Guo, L. He, B. Xing, Applications of surface-enhanced Raman spectroscopy in the 

analysis of nanoparticles in the environment, Environ. Sci. Nano. 4 (2017) 2093-2107. 

[83] L.L. Qu, D.-W. Li, L.-X. Qin, J. Mu, J.S. Fossey, Y.-T. Long, Selective and Sensitive 

Detection of Intracellular O2•– Using Au NPs/Cytochrome c as SERS Nanosensors, Anal. 

Chem. 85 (2013) 9549-9555. 

[84] J. Ju, W. Liu, C.M. Perlaki, K. Chen, C. Feng, Q. Liu, Sustained and Cost Effective Silver 

Substrate for Surface Enhanced Raman Spectroscopy Based Biosensing, Sci. Rep. 7 

(2017) 6917-6928. 

[85] T. Bora, D. Zoepfl, J. Dutta, Importance of Plasmonic Heating on Visible Light Driven 

Photocatalysis of Gold Nanoparticle Decorated Zinc Oxide Nanorods, Sci. Rep. 6 (2016) 

26913-26923. 

[86] F. Mustafa, R.Y.A. Hassan, S. Andreescu, Multifunctional nanotechnology-enabled 

sensors for rapid capture and detection of pathogens, Sensors. 17 (2017) 2121-2149. 

[87] I. V. Zaporotskova, N.P. Boroznina, Y.N. Parkhomenko, L. V. Kozhitov, Carbon 

nanotubes: Sensor properties. A review, Mod. Electron. Mater. 2 (2016) 95-105. 

[88] J. He, W. Kou, C. Li, J. Cai, F. Kong, W. Wang, Electrochemical Sensor Based on Single-

Walled Carbon Nanotube-TiN Nannocomposites for Detecting Amaranth, Int. J. 

Electrochem. Sci. 10 (2015) 10074-10082. 

[89] N. Ben Messaoud, M.E. Ghica, C. Dridi, M. Ben Ali, C.M.A. Brett, Electrochemical 

sensor based on multiwalled carbon nanotube and gold nanoparticle modified electrode 

for the sensitive detection of bisphenol A, Sensor Actuat. B Chem. 253 (2017) 513-522. 

[90] N. Shams, H.N. Lim, R. Hajian, N.A. Yusof, J. Abdullah, Y. Sulaiman, I. Ibrahim, N.M. 

Huang, Electrochemical sensor based on gold nanoparticles/ethylenediamine-reduced 

graphene oxide for trace determination of fenitrothion in water, RSC Adv. 6 (2016) 

89430-89439. 

[91] J. Ji, Z. Zhou, X. Zhao, J. Sun, X. Sun, Electrochemical sensor based on molecularly 

imprinted film at Au nanoparticles-carbon nanotubes modified electrode for 

determination of cholesterol, Biosens. Bioelectron. 66 (2015) 590-595. 



56   
 

 

[92] K. Murtada, S. Jodeh, M. Zougagh, A. Ríos, Development of an Aluminium Doped 

TiO2 Nanoparticles-modified Screen Printed Carbon Electrode for Electrochemical 

Sensing of Vanillin in Food Samples, Electroanalysis. 30 (2018) 969-974. 

[93] G. Cepriá, W.R. Córdova, J. Jiménez-Lamana, F. Laborda, J.R. Castillo, Silver 

nanoparticle detection and characterization in silver colloidal products using screen 

printed electrodes, Anal. Methods. 6 (2014) 3072-3078. 

[94] G. Cepriá, J. Pardo, A. Lopez, E. Peña, J.R. Castillo, Selectivity of silver nanoparticle 

sensors: discrimination between silver nanoparticles and Ag+, Sensor. Actuat. B. Chem. 

230 (2016) 25-30. 

[95] L. Almengor, Nanotecnología en la industria alimentaria, Facultad de Ingenieria 

(Universidad Rafael Landivar), (2009) 35-52. 

[96] Guía para la evaluación de riesgos derivados de la aplicación de la nanociencia y las 

nanotecnologías en los alimentos y piensos (EFSA). 

[97] D. Thassi, M. Deleers, Y.V. Pathak, Nanoparticulate drug delivery systems, CRC 

Press. 166 (2007). 

[98] R. Peters, G. T. Dam, H. Bouwmeester, H. Helsper, G. Allmaier, F. Kammer, R. 

Ramsch, C. Solans, M. Tomaniová, J. Hajslova, S. Weigel, Identification and 

characterization of organic nanoparticles in food, TrAC - Trends Anal. Chem. 30 (2011) 

100-112. 

[99] X.L. Guével, Overview of inorganic nanoparticles for food science applications, 

Nanotechnology in Agriculture and Food Science, Wiley (2017) 197-208. 

[100] A. Weir, P. Westerhoff, L. Fabricius, K. Hristovski, N.V. Goetz, Titanium dioxide 

nanoparticles in food ans personal care, Environ. Sci. Technol. 46 (2012) 2242-2250. 

[101] R. J.B. Peters, G.V. Bemmet, Z. Herrera-Rivera, J.P.F.G. Helsper, H.J.P. Marvin, S. 

Weigel, P. Tromp, A.G. Oomen, A. Rietveld, H. Bouwmeester, Characterisation of 

titanium dioxide nanoparticles in food products: Analytical methods to define 

nanoparticles, J. Agric. Food Chem. 62 (2014) 6285-6293. 

[102] R. Landsiedel, L. Ma-Hock, T. Hofmann, M. Wiemann, V. Strauss, S. Treumann, W. 

Wohlleben, S. Groters, K. Wiench, B.V. Ravenzwaay, Application of short-term inhalation 

studies to assess the inhalation toxicity of nanomaterials, Part. Fibre. Toxicol. 11 (2014) 

16-42. 

[103] F. Laborda, J. Jiménez-Lamana, E. Bolea, J.R. Castillo, Selective identification, 

characterization and determination of dissolved silver(I) and silver nanoparticles based 

on single particle detection by inductively coupled plasma mass spectrometry, J. Anal. 

At. Spectrom. 26 (2011) 1362-1672. 



Introduction   57 
 

[104] F. Laborda, J. Jiménez-Lamana, E. Bolea, J.R. Castillo, Critical considerations for the 

determination of nanoparticle number concentrations, size and number size 

distributions by single particle ICP-MS, J. Anal. At. Spectrom. 28 (2013) 1220-1232. 

[105] B. Chu, T. Liu, Characterization of Nanoparticles by Scattering Techniques, J. 

Nanoparticle Res. 2 (2000) 29-41. 

[106] Y. Zheng, G. Feng, T. Shang, W. Wu, J. Huang, D. Sun, Y. Wang, Q. Li, Separation of 

biosynthesized gold nanoparticles by density gradient centrifugation, Sep. Sci. Technol. 

52 (2017) 951-957. 

[107] L. Li, K. Leopold, Ligand-assisted extraction for separation and preconcentration of 

gold nanoparticles from waters, Anal. Chem. 84 (2012) 4340-4349. 

[108] W. Kaewsuwan, P. Kanatharana, O. Bunkoed, Dispersive magnetic solid phase 

extraction using octadecyl coated silica magnetite nanoparticles for the extraction of 

tetracyclines in water samples, J. Anal. Chem. 72 (2017) 957-965. 

[109] T. Chatzimitakos, C. Stalikas, Carbon-Based Nanomaterials Functionalized with 

Ionic Liquids for Microextraction in Sample Preparation, Separations. 4 (2017) 14-35. 

[110] V. Kestens, et al., Challenges in the size analysis of a silica nanoparticle mixture as 

candidate certified reference material, J. Nanoparticle Res. 18 (2016) 171-193. 

[111] H. Jans, X. Liu, L. Austin, G. Maes, Q. Huo, Dynamic light scattering as a powerful 

tool for gold nanoparticle bioconjugation and biomolecular binding studies, Anal. Chem. 

81 (2009) 9425-9432. 

[112] I. Khan, S. Ali, M. Mansha, A. Qurashi, Sonochemical assisted hydrothermal 

synthesis of pseudo-flower shaped Bismuth vanadate (BiVO4) and their solar-driven 

water splitting application, Ultrason. Sonochem. 36 (2017) 386-392. 

[113] A.A. Ismail, F.R. van de Voort, J. Sedman, Fourier transform infrared spectroscopy: 

Principles and applications, Tech. Instrum. Anal. Chem. 18 (1997) 93-139. 

[114] G.S. Bumbrah, R.M. Sharma, Raman spectroscopy–Basic principle, 

instrumentation and selected applications for the characterization of drugs of abuse, 

Egypt. J. Forensic Sci. 6 (2016) 209-215. 

[115] E. Smith, G. Dent, Modern Raman Spectrocopy: A Practical Approach, Willey online 

library, (2005). 

[116] M. Fleischmann, P.J. Hendra, A.J. McQuillan, Raman spectra of pyridine adsorbed 

at a silver electrode, Chem. Phys. Lett. 26 (1974) 163-166. 

[117] J.R. Lombardi, R.L. Birke, A unified approach to surface-enhanced raman 

spectroscopy, J. Phys. Chem. C. 112 (2008) 5605-5617. 



58   
 

 

[118] W. Ma, K. Hu, Q. Chen, M. Zhou, M. V. Mirkin, A.J. Bard, Electrochemical Size 

Measurement and Characterization of Electrodeposited Platinum Nanoparticles at 

Nanometer Resolution with Scanning Electrochemical Microscopy, Nano Lett. 17 (2017) 

4354-4358. 

[119] E. Mansfield, A. Kar, S.A. Hooker, Applications of TGA in quality control of SWCNTs, 

Anal. Bioanal. Chem. 396 (2010) 1071-1077. 

[120] K. Loeschner, J. Navratilova, C. Kobler, K. Molhave, S. Wagner, F.V.D. Kammer, E.H. 

Larsen, Detection and characterization of silver nanoparticles in chicken meat by 

asymmetric flow field flow fractionation with detection by conventional or single 

particle ICP-MS, Anal. Bioanal. Chem. 405 (2013) 8185-8195. 

[121] Z. Xhang, F. Kong, B. Vardhanabhuti, A. Mustapha, M. Lin, Detection of engineered 

silver nanoparticle contamination in pears, J. Agric. Food. Chem. 60 (2012) 10762-10767. 

[122] J. Omar, A. Boix, G. Kerckhove, C.V. Holst, Optimisitation of asymmetric flow field-

flow fractionation for the characterization of nanoparticles in coated polydisperse TiO2 

with applications in food and feed, Food. Addit. Contam. Part A. 33 (2016) 1775-1784. 

[123] B.D. Johnston, T.M. Scown, J. Moger, S.A. Cumberland, M. Baalousha, K. Linge, R.V. 

Aerle, K. Jarvis, J.R. Lead, C.R. Tyler, Bioavailability of nanoscale metal oxides TiO2, CeO2 

and ZnO to fish, Environ. Sci. Technol. 44 (2010) 1144-1151. 

[124] F. Barahona, O. Geiss, P. Urbán, I. Ojea-Jimenez, D. Gilliland, J. Barrero-Moreno, 

Simultaneous determination of size and quantification of silica nanoparticles by 

asymmetric flow field-flow fractionation coupled to ICPMS using silica nanoparticles 

standards, Anal. Chem. 87 (2015) 3039-3047. 

[125] M.A-L Cheikh, M. Pédrot, M. B.L. Coz, A. Dia, M. Davranche, C. Neaime, F. Grasset, 

A robust method using online steric exclusion chromatography-UV-ICPMS to investigate 

nanoparticle fate and behavior in environmental samples, Anal. Chem. 87 (2015) 10346-

10353. 

[126] M. Hadioui, V. Merdzan, K.J. Wilkinson, Detection and characterization of ZnO 

nanoparticle in surface and waste waters using single particle ICPMS, Environ. Sci. 

Technol. 49 (2015) 6141-6148. 

[127] Y. He, S.R. Al-Abed, D.D. Dionysiou, Quantification of carbon nanotubes in 

different environmental matrices by a microwave induced heating method, Sci. Total 

Environ. 580 (2016) 509-517. 

[128] M.A. Leiva-Guzmán, Reference Materials and Interlaboratories Comparisons, 

Centro Nacional del Medio Ambiente, (2006). 

[129] A. Ríos, D. Barceló, L. Buydens, S. Cárdenas, K. Heydorn, B. Karlberg, K. Klemm, B. 

Lendl, B. Milman, B. Neidhart, R.W. Stephany, A. Townshend, A. Zschunke, M. Valcárcel, 



Introduction   59 
 

Quality assurance of qualitative analysis in the framework of the European project 

“MEQUALAN,” Accredit. Qual. Assur. 8 (2003) 68-77. 

[130] B.M. Simonet, A. Ríos, M. Valcárcel, Unreliability of screening methods, Anal. 

Chim. Acta. 516 (2004) 67-74. 

[131] C. Zhao, W. Liu, H. Ling, S. Lu, Y. Zhang, J. Liu, R. Xi, Preparation of anti-gatifloxacin 

antibody and development of an indirect competitive enzyme-linked immunosorbent 

assay for the detection of gatiflozacin residue in milk, J. Agric. Food. Chem. 55 (2007) 

6879-6884. 

[132] C. Cháfer-Pericás, A. Maquieira, R. Puchades, Fast screening methods to detect 

antibiotic residues in food samples, TrAC - Trends Anal. Chem. 29 (2010) 1038-1049. 

[133] E. Trullols, I. Ruisánchez, F.X. Rius, Validation of qualitative analytical methods, 

TrAC - Trends Anal. Chem. 23 (2004) 137-145. 

[134] I. Ruisánchez, E. Trullols, F.X. Rius, Validación de métodos analíticos cualitativos, 

Técnicas Lab. 25 (2003). 

[135] S. Cárdenas, M. Valcárcel, Analytical features in qualitative analysis, TrAC - Trends 

Anal. Chem. 24 (2005) 477-487. 

[136] A.R. Collins, et al., High throughput toxicity screening and intracellular detection 

of nanomaterials, Wiley Interdiscip. Rev. Nanomed. Nanobiotechnol. 9 (2017) e1413-

e1443. 

[137] C. Blasco, Y. Picó, Determining nanomaterials in food, TrAC - Trends Anal. Chem. 

30 (2011) 84-99. 

[138] S.T. Holgate, Exposure, uptake, distribution and toxicity of nanomaterials in 

humans, J. Biomed. Nanotechnol. 6 (2010) 1-19. 

[139] R. Wan, Y. Mo, Z. Zhang, M. Jiang, S. Tang, Q. Zhang, Cobalt nanoparticles induce 

lung injury, DNA damage and mutations in mice, Part. Fibre Toxicol. 14 (2017) 38-53. 

[140] B. Topal, B. Uslu, O. Sibel, Detection of DNA damage induced by nanomaterials, 

Nanoscale Fabrication, Optimization, Scale-Up and Biological Aspects of Pharmaceutical 

Nanotechnology. (2018) 547-577. 

[141] D.-S. Sun, Y.-H. Tseng, W.-S. Wu, M.-S. Wong, H.-H. Chang, Visible Light-Responsive 

Platinum-Containing Titania Nanoparticle-Mediated Photocatalysis Induces Nucleotide 

Insertion, Deletion and Substitution Mutations, Nanomaterials. 7 (2017) 2-15. 

[142] B. Trouiller, R. Reliene, A. Westbrook, P. Solaimani, R.H. Schiestl, Titanium dioxide 

nanoparticles induce DNA damage and genetic instability in vivo in mice, Cancer Res. 15 

(2009) 8784-8789. 



60   
 

 

[143] B.J. Marquis, S.A. Love, K.L. Braun, C.L. Haynes, Analytical methods to assess 

nanoparticle toxicity, Analyst. 134 (2009) 425-439. 

[144] K. Savolainen, H. Alenius, H. Norppa, L. Pylkkänen, T. Tuomi, G. Kasper, Risk 

assessment of engineered nanomaterials and nanotechnologies-A review, Toxicology. 

269 (2010) 92-104. 

[145] A.I.López-Lorente, M. Valcárcel, The third way in analytical and nanotechnology: 

Involvement of nanotools and nanoanalytes in the same analytical process, TrAC - 

Trends Anal. Chem. 75 (2016) 1-9. 

[146] S. Benítez-Martínez, M. Valcárcel, Graphene quantum dots as sensor for phenos 

in olive oil, Sens. Actuat. B. Chem. 197 (2014) 350-357. 

[147] B. Suárez, Y. Moliner-Martínez, S. Cárdenas, B.M. Simonet, M. Valcárcel, 

Monitoring of carboxylic carbon nanotubes in surface water by using multiwalled carbon 

nanotube-modified filter as preconcetration unit, Environ. Sci. Technol. 42 (2008) 6100-

6104. 

[148] A.I. López-Lorente, M. L. Polo-Luque, M. Valcárcel, Sequential preconcentration 

and on-membrane Raman determination of carboxylic single-walled carbon nanotubes 

in river water samples, Anal. Chem. 85 (2013) 10338-10343. 

[149] C. Ruiz-Palomero, M.L. Soriano, M. Valcárcel, Sulfonate nanocellulose for the 

efficient dispersive micro solid-phase extraction and determination of silver 

nanoparticles in food products, J. Chromatogr. A. 1428 (2015) 352-358. 

[150] V. Moreno, A. Adnane, R. Salghi, M. Zougagh, A. Ríos, Nanostructured hybrid 

surface enhancement Raman scattering substrate for the rapid determination of 

sulfapyridine in milk samples, Talanta. 194 (2019) 357-362. 

[151] A. Cayuela, M.L. Soriano, M. Valcárcel, Photoluminescent carbon dot sensor for 

carboxylated multiwalled carbon nanotube detection in river water, Sens. Actuators B. 

Chem. 207 (2014) 596-601. 

[152] D. Dejarnette, D.K. Roper, Electron energy loss spectroscopy of gold nanoparticles 

on graphene, J. Appl. Phys. 116 (2014) 054313-054319. 

[153] Y.G. Zhou, N.V. Rees, R.G. Compton, The electrochemical detection and 

characterization of silver nanoparticles in aqueous solution, Angew. Chem. Int. Ed. 50 

(2011) 4219-4221. 

[154] Z. Niu, Y. Fang, Surface-enhanced Raman scattering of single-walled carbon 

nanotubes on silver-coated and gold-coated filter paper, J. Colloid. Interface. Sci. 303 

(2006) 224-228. 



Introduction   61 
 

[155] M. Scolari, A. Mews, N. Fu, A. Myalitsin, T. Assmus, K. Balasubramanian, M. 

Burghard, K. Kern, Surface enhanced Raman scattering of carbon nanotubes decorated 

by individual fluorescent gold particles, J. Phys. Chem C. 112 (2008) 391-396. 

[156] Z. Luo, Y. Fang, SERS of C60/C70 on gold-coated filter paper or filter film influenced 

by the gold thickness, J. Colloid. Interface. Sci. 283 (2005) 459-463. 

[157] N. Khinevich, K. Girel, H. Bandarenka, V. Salo, A. Mosunov, Surface enhanced 

Raman spectroscopy of fullerene C60 drop-deposited on the silvered porous silicon, J. 

Phys. Conf. Ser. 917 (2017) 062052-062057. 

[158] F. Schedin, E. Lidorikis, A. Lombardo, V.G. Kravets, A.K. Geim, A.N. Grigorenko, K.S. 

Novoselov, A.C. Ferrán, Surface-enhanced Raman spectroscopy of graphene, ACS Nano. 

4 (2010) 5617-5626. 

[159] J. Huang, C. Zhong, H. Shen, M. Liu, B. Chen, B. Ren, Z. Zhang, Mechanism of cellular 

uptake of graphene oxide studied by surface-enhanced Raman spectroscopy, Small. 8 

(2012) 2577-2584. 

[160] H. Chu, J. Wang, L. Ding, D. Yuan, Y. Zhang, J. Liu, Y. Li, Decoration of gold 

nanoparticles on surface-grown single-walled carbon nanotubes for detection of every 

nanotube by surface-enhanced Raman spectroscopy, J. Am. Chem. Soc. 131 (2009) 

14310-14316. 

[161] Z. Niu, Y. Fang, A new surface-enhanced Raman scattering system for C60 

fullerene: Silver nano-particles/C60/silver film, Vib. Spectroc. 43 (2007) 415-419.  

[162] C. Ran, M. Wang, W. Gao, Z. Yang, J. Shao, J. Deng, X. Song, A general route to 

enhance the fluorescence of graphene quantum dots by Ag nanoparticles, RSC Adv. 4 

(2014) 21722-21776. 





63   
 

 

2. MATERIALS, EQUIPMENT AND METHODS 
 

“No debemos tener miedo a equivocarnos. Hasta los planetas chocan, y del caos nacen 

las estrellas.” 

Charles Chaplin. 

 

 

his section lists, and briefly describes, the analytical tools used in the 

experimental work of this Memory, including reagents, standard solutions and 

the preparation of the samples. It also includes the instrumentation, equipment 

and other materials used, describing in more detail those that have been most 

important in the experimental work. 

 

T 
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2.1. Reagents, working standards and samples 

Standards and reagents 

Standards and reagents used to prepare the solutions involved in the experimental work 

of this Thesis were of analytical purity or higher and they are listed in Table 2.1.1. 

The buffer solutions were prepared in deionized Milli-Q water and the pH of the solution 

was adjusted by using 0.1 M NaOH or 0.1 M HCl solutions. 

The solvents used in the experimental work are listed below: 

• Ultrapure water (purification system Milli-Q, Millipore, Molshem, France); 

• Methanol, HPLC purity grade, Sigma-Aldrich; 

• Ethanol, HPLC purity grade, Panreac; 

• Acetonitrile, HPLC purity grade, Sigma-Aldrich; 

• Anhydrous Chloroform, ≥ 99.00 %, Sigma-Aldrich; 

• Dichloromethane, ≥ 99.8 %, Sigma-Aldrich; 

• Ethylene glycol pure, Panreac; 

• Hexane, HPLC purity grade, Sigma-Aldrich; 

• Acetone, HPLC purity grade, Panreac. 

 

These solvents were used for different purposes: (i) for purification and solubilization of 

the synthesized materials, (ii) as extractants, (iii) to prepare standard solutions of the 

analytes, (iv) as reaction medium, and (v) as background electrolyte (BGE) used in the 

chromatographic system.  

The working solutions were daily prepared into the proper solvent from the standard 

solutions. The standard solutions were always kept preserved from light at a 

temperature of 4 °C for those prepared in water and ethanol, and -18 °C for those 

prepared in acetonitrile. 
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Table 2.1.1. Reagents used in the experimental work (I). 

Reagents Purity (%) State (25°C) Supplier 

For the synthesis of hybrid carbon nanotubes 

Iron (III) acetylacetonate ≥ 97 Solid Sigma-Aldrich 

Iron (III) chloride hexahydrate 98 Solid Sigma-Aldrich 

Multi walled carbon nanotubes 95 Solid NanoLab 

Single walled carbon nanotubes 95 Solid NanoLab 

For the synthesis of magnetic nanoparticles 

Iron (III) chloride hexahydrate 98 Solid Sigma-Aldrich 

Methanesulfonic acid ≥ 99 Liquid Sigma-Aldrich 

Multi walled carbon nanotubes 95 Solid NanoLab 

Octadecyltrichlorosilane ≥ 90 Liquid Sigma-Aldrich 

Sodium acetate ≥ 99 Solid Sigma-Aldrich 

Silica nanopowder 99.8 Solid Sigma-Aldrich 

For the decoration of multi walled carbon nanotubes 

Iron (III) acetylacetonate ≥ 97 Solid Sigma-Aldrich 

Multi walled carbon nanotubes 95 Solid NanoLab 

Palladium (II) 
hexafluoroacetylacetonate 

≥ 98 Solid Sigma-Aldrich 

Ruthenium (III) acetylacetonate ≥ 97 Solid Sigma-Aldrich 

For the synthesis of gold nanoparticles 

Gold (III) chloride ≥ 99.99 Liquid Sigma-Aldrich 

Sodium citrate ≥ 99 Solid Sigma-Aldrich 

For the synthesis of reduced graphene oxide 

Copper sulfate pentahydrate 99 Solid Fluka 

Graphite 99.99 Solid Sigma-Aldrich 

Potassium permanganate ≥ 99 Solid Sigma-Aldrich 

Selenium powder 99.95 Solid Sigma-Aldrich 

Sodium citrate ≥ 99 Solid Sigma-Aldrich 

Sodium nitrate ≥ 99 Solid Sigma-Aldrich 

Sodium sulfite ≥ 98 Solid Sigma-Aldrich 

Acids used 

Hydrochloric acid 37 Liquid Panreac 

Hydrogen peroxide 
30 % (w/w) in 

H2O 
Liquid Sigma-Aldrich 

Nitric acid 69 Liquid Labkem 

Phosphoric acid 85 Liquid Panreac 

Sulfuric acid 98 Solid Labkem 
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Table 2.1.1. Reagents used in the experimental work (II). 

For the preparation of buffer solutions 

Ammonium acetate ≥ 98 Solid Panreac 

Ammonium formate 99 Solid Sigma-Aldrich 

Di-sodium hydrogen phosphate  98 Solid Panreac 

Hydrochloric acid 37 Liquid Panreac 

Phosphoric acid 85 Liquid Panreac 

Sodium dodecyl sulfate 99 Solid Sigma-Aldrich 

Sodium hydroxide 98 Solid Sigma-Aldrich 

Used as analytes 

Zearalenone ≥ 99 Liquid Sigma-Aldrich 

Zearalanone ≥ 99 Liquid Sigma-Aldrich 

α-Zearalenol ≥ 99 Liquid Sigma-Aldrich 

β-Zearalenol ≥ 99 Liquid Sigma-Aldrich 

α-Zearalanol ≥ 99 Liquid Sigma-Aldrich 

β-Zearalanol ≥ 99 Liquid Sigma-Aldrich 

Acetamiprid 99.9 Solid Sigma-Aldrich 

Bensulfuron methyl 99.3 Solid Sigma-Aldrich 

Clothianidin 99.9 Solid Sigma-Aldrich 

Imidacloprid 99.9 Solid Sigma-Aldrich 

Nitenpyram 99.9 Solid Sigma-Aldrich 

Pyridoxine ≥ 98 Solid Sigma-Aldrich 

Rhodamine B ≥ 95 Solid Sigma-Aldrich 

Rimsulfuron 99.9 Solid Sigma-Aldrich 

Thiametoxam 99.6 Solid Sigma-Aldrich 

Titanium dioxide (Anatase) 99.8 Solid 
Nanostructured & 

Amorphous Materials 

Titanium dioxide (Rutile) 99.8 Solid 
Nanostructured & 

Amorphous Materials 

Triasulfuron 97.4 Solid Sigma-Aldrich 

Trifloxysulfuron sodium 99 Solid Sigma-Aldrich 

Used as interferences 

Biotin ≥ 99 Solid Sigma-Aldrich 

Caffeine ≥ 99 Solid Sigma-Aldrich 

D-(+)-glucose anhydrous 99 Solid Panreac 

D-(-)-lactose monohydrate ≥ 98 Solid Sigma-Aldrich 

D-pantothenic acid hemicalcium 
salt 

≥ 98 Solid Sigma-Aldrich 

L-(+)-ascorbic acid ≥ 99.7 Solid Panreac 

L-carnitine hydrochloride ≥ 98 Solid Sigma-Aldrich 
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Table 2.1.1. Reagents used in the experimental work (III). 

Riboflavin ≥ 98 Solid Sigma-Aldrich 

Saccharose 99.5 Solid Panreac 

Thiamine hydrochloride ≥ 99 Solid Sigma-Aldrich 

 

The characteristics of carbon nanotubes under study in the experimental work are 

summarized in Table 2.1.2. 

Table 2.1.2. Characteristics of carbon nanotubes. 

 Purity (%) Outer diameter (nm) Length (µm) Supplier 

MWCNTs-1 95 15 ± 5 1 - 5 NanoLab 

MWCNTs-2 95 30 ± 10 1 - 5 NanoLab 

MWCNTs-3 95 15 ± 5 5 - 20 NanoLab 

MWCNTs-4 95 30 ± 15 1 - 5 NanoLab 

MWCNTs-5 95 30 ± 15 5 - 20 NanoLab 

MWCNTs-6 95 30 ± 10 5 - 20 NanoLab 

SWCNTs 95 1.2 - 1.5 2 - 5 NanoLab 

 

Samples 

To carry out the study of the analytical utility of the different methods developed for 

the determination of NPs, the samples analyzed were: 

• Water samples from different precedence of Ciudad Real province (tap, well and 

river). 

• Fruit juices samples from different suppliers (from local market). 

• Maize samples (from local markets). 

• Milk samples (from local market). 

• Sugar samples (from local market). 

• Energy drinks (from local market). 

• Food supplements: tablets and ampoules (from local markets and pharmacies). 

• Chili samples (from local market). 
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The different samples were prepared as follows: 

• Water samples were filtered through a cellulose acetate filter and spiked with 

pesticides at different concentrations. 

• Fruit juices samples were filtered and then diluted using 3 + 7 with deionized 

water and fruit sample, respectively in order to eliminate the matrix effect. Then, 

samples were spiked with all the pesticides at different concentrations. 

• Maize samples. 10 g of maize sample homogenized in a mixture containing 75 % 

(v/v) acetonitrile and 25 % water were weighed onto aluminum foil a 

microvolume of stock solutions of the analytes was added dropwise. The sample 

was standing for 30-60 min in order to evaporate the acetonitrile. 

• Milk samples. 1 mL of milk sample and 9 mL of absolute acetonitrile were placed 

into a tube and shake by vortex for 2 min and then, the mixture was centrifuged 

at 4000 rpm for 5 min. After that, 0.15 g of magnesium sulfate were added in 

order to eliminate excess water and contaminants. This mixture was shaking by 

vortex 1 min and centrifuged at 4000 rpm for 5 min again. Finally, the sample 

was deposited on silicon/silicon oxide plate. 

• Sugar samples. For Raman measurements, sugar samples were spiked with TiO2 

at different levels and directly analyzed without any treatment. For capillary 

electrophoresis analysis, sugar samples were diluted with 2.5 mM of sodium 

phosphate dibasic at pH 9.5 and sonicated for 20 min for the dispersion of TiO2 

particles. 

• Energy drinks were degassed in an ultrasonic bath for 10 min prior to analysis, 

without any pre-treatment. 

• Food supplements. 

• Tablets were crushed and homogenized by using a mortar. Then, a 

suitable amount was dissolved in deionized water. The solution was 

sonicated for 15 min and filtered. 

• Ampoules were diluted to 50 mL in a volumetric flask with 0.05 mol L-1 of 

HNO3. 

• Chili samples. Chili powder was spiked with Rhodamine B aqueous solution at 

different concentrations. 1 mL of acetonitrile was added into each one. After 
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shaking for 1 min, all samples were putting in ultrasounds for 10 min. Finally, 

samples were centrifuged for 5 min at 8000 rpm. 

All the standards, reagents and liquids used throughout the investigation were of 

analytical purity or higher. 

 

2.2. Equipment 

The different instruments and apparatus used to achieve the works reported in this 

Thesis are listed and described in this section. 

Spectrophotometer UV-Vis 

Spectrophotometer UVI-Vis model Uvi Light & UVIKON XS reference 0M8307, SECOMAN 

equipment with a LabPower V3 50 software for the data acquisition and using 10 mm 

quartz cuvettes.  

 

Figure 2.2.1. Illustration of the spectrophotometer UVI-Vis “Uvi Light & UVIKON XS”. 

 

Capillary electrophoresis 

Capillary electrophoresis model Agilent G1600AX (Palo Alto, CA, USA) equipped with a 

UV/Vis diode array detector. The equipment is connected to a computer for the control 

and data processing which were performed using the Agilent ChemStation software. 
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Figure 2.2.2. Illustration of the capillary electrophoresis “Agilent G1600AX”. 

Liquid chromatography 

The equipment used in the liquid chromatography was a Chromatography System 

Agilent 1200. This system consists of a degasser, a liquid chromatographic pump, an 

autosampler, a temperature-controlled column compartment and a diode array 

detector. The detector is coupled to a system of data acquisition and processing system 

(Agilent ChemStation HPLC). Figure 2.2.3 shows the different modules of this system. 

 

Figure 2.2.3. System scheme of Agilent 1200 HPLC. 

Mass spectrometry 

An Agilent 6110 Series LC/MSD system (equipped with a quadrupole analyzer) via an 

electrospray atmospheric pressure ionization interface was used.  
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Figure 2.2.4. Illustration of Agilent 6110 Series LC/MSD instrument. 

Supercritical fluid system 

Supercritical carbon dioxide (sc-CO2) extraction was carried out at JASCO System (Japan) 

comprised of CO2 tube, high pressure CO2 delivery pump (PU-1580-CO2, JASCO, Japan), 

CO2 flow-meter (JASCO, Japan), temperature controller from Hewlett Packard 5890, 

Series II gas chromatograph (Bothell, WA, USA) and Automated Back Pressure Regulator 

(BP-1580-81, JASCO, Japan). 

 

Figure 2.2.5. Supercritical fluids system. 

Electrochemical system 

The equipment used in the electrochemical experiments was performed with a CHI812D 

electrochemical analyzer from CH Instruments (Austin, Texas, USA) controlled with a 
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computer for the control and data processing which were performed using the 

Electrochemical Analyzer software. 

 

Figure 2.2.6. Illustration of CH Instruments. 

 

Portable Raman spectrometer 

Raman measurements were carried out by a portable Raman spectrometer model B&W 

TEK, known as i-Raman BWS415, with a wavelength of 785 nm and a maximum laser 

output power at 300 mW at the sample. This instrument consists of a CCD detector (12 

μm x 12 μm pixel size, 2048 pixels). The Raman spectra were measured using a lens with 

a magnification of 100x and a detection range between 100-3000 cm-1. The acquisition 

and processing of data, as well as the control of the instrument, were carried out with 

the BWSpec4TM software. 

Furthermore, the BAC151B is a Raman microscope that is compatible with B&W Tek 

Raman systems. It is designed to offer the highest level of flexibility in facilitating Raman 

sampling for a variety of applications. The BAC151B can be configured to fulfill the exact 

requirements of your application. The unique dual laser wavelength port provides the 

flexibility for one system to be coupled with two different laser wavelengths. The 

integrated camera allows for precision Raman sampling through camera monitoring of 

the laser beam and imaging details. When coupled with B&W Tek’s portable Raman 

spectrometers, it provides the advantages of a Raman microscope at a fraction of the 

cost of most research instruments. The laser beam is focused on the surface of the 

sample using the 20x / 0.4 Zeiss and 100x / 1.25 in oil immersion, from Nikon. 
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Figure 2.2.7. Illustration of the portable Raman spectrometer model B&W TEK, known as i-

Raman BWS415 (left) and BAC151B microscope (right). 

Electron microscopy 

For the characterization of the NPs, the following electronic microscopy equipment 

were used: 

• Transmission electron microscopy (TEM) Jeol JEM 2011 operating at 200 kV and 

equipped with an Orius Digital Camera (2×2 MPi) from Gatan. The samples were 

prepared by deposition of a drop of the synthesized material suspension onto a 

lacey carbon/format-coated copper grid. The digital analysis of the HRTEM 

micrographs was done using Digital Micrograph TM 1.80.70 for GMS 1.8.0 Gatan. 

• Scanning electron microscopy (SEM) ZEISS GeminiSEM 500 (Germany) operating 

at acceleration voltage 0.02-30 kV, probe current 3 pA - 20 nA, store resolution 

up to 32k × 24k pixels, and magnification from 50 up to 2x106. Equipped with 

several detectors: in-lens secondary electron detector, in-lens energy selected 

backscatter detector (EsB), annular STEM detector (aSTEM 4) and EBSD detector 

(electron backscatter diffraction) investigation of crystalline orientation. The 

samples were prepared onto a lacey carbon by deposition of the synthesized 

material. Also, energy dispersive X-ray (EDX) spectroscopy was performed. 

• X-Ray Diffraction (XRD) measurements were made using a Philips X´Pert MPD, X-

Ray diffractometer with Cu Kα radiation and graphite monochromador. The 

angular 2 theta diffraction range was between 3 and 100°. The data were 

collected with an angular step of 0.02° at 1.5 s per step. 
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Other instruments, apparatus and materials 

• Experimental configuration and materials used for synthesis of AuNPs (Figure 

2.2.8), which is based on the following elements: three necks round flask, 

temperature control system with a Pt 100 temperature sensor heating mantle 

with magnetic agitation connected to temperature controller and reflux system. 

The magnetic stirrer AGIMAN with adaptable heating mantle is connected to an 

electronic controller ELECTEMP (JP Selecta, Barcelona, Spain) with a Pt 100 

temperature sensor allowing the temperature regulation up to 350 °C by an 

electronic energy regulator synchronized with flashing lamp when the heater is 

working. Also, it allows adjusting the stirring speed to 1600 rpm using an 

electronic speed controller. 

 

Figure 2.2.8. Mounting used in the synthesis of AuNPs, adapted according to the 

specification of the work. 

• High speed Ultracentrifuge controlled by microprocessor and temperature 

regulation (CENTROFRIGER-BL-II model 7001669, JP Selecta, Barcelona, Spain). 

• Analytical Balance Gram Precision (Mettler, model AE240). 

• Microcentrifuge Biosan Microspin 12 (LabNet Biotecnica S.L., Spain). 

• pH-meter model Crison Basic 20 combined with a glass electrode (Allela, 

Barcelona, Spain). 

• Microwave model LG de 1550 W (Madrid, Spain). 

• Ultrasonic bath 50 W, 60 Hz (J. P. Selecta, Barcelona, Spain). 

• Digital magnetic stirrer with heating and ceramic coated plate, LBX H03D series. 
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• Vortex stirrer LBX V05 series, with speed control. 

• UV lamp 230 V (wavelength of 254/365 nm, model E2107, Consort nv, Turnhout, 

Belgium). 

• Si/SiO2 wafers from Pure Wafer (San José, California, USA). 

• Nylon syringe filters with pore size of 0.45 μm (Millipore, Madrid, Spain). 

• Hamilton 250 microsyringe (Analysis Vínicos, Spain). 

• Eppendorf vials. 

• Centrifuge tubes. 

• Sringes. 

• Needles. 

• Nylon syringe filters with pore size of 0.45 μm (Millipore, Madrid, Spain). 

• Quartz cuvettes with four transparent faces. 

• Glass and polypropylene vials. 

• Chromatographic paper (Whatman grade 1 CHR, Whatman, Maldstone, Kent, 

UK). 

• Micropipettes. 

• Six-way valve. 

• Laboratory Glassware, class A. 

• Fused-silica capillary 75 μm i.d., 365 μm outside (Polymicro Technologies, 

Phoenix, Arizone, USA). 

 

2.3. Methods 

The most relevant methodologies and procedures used in the experimental work of this 

Doctoral Thesis are described in this section. 

Synthesis and functionalization of nanoparticles 

• Synthesis of hybrid nanoparticles 

The synthesis of hybrid NPs was carried out, according to the following method as Figure 

2.3.1 illustrates. Firstly, NPs of C18 sorbent (C18SiO2NPs) were prepared by using silica 

NPs, activated in order to obtain silanol groups (SiOH) on the silica surface. 2 g of silica 

gel nanopowder was mixed with 15 mL of 33 % methanesulfonic acid and then refluxed 

with stirring during 8 h. The obtained product was recovered and centrifuged several 

times and washing with deionized water until the pH was neutral. The product was dried 
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under vacuum at 70 °C for 8 h [1]. When this product was dried, 0.5 g was mixed with 

1.5 mL of chloroform and then, 0.5 mL was added to the solution. This mixture was 

stirred for 2 h. The solid product was filtered and washed with chloroform, methanol 

and finally washed with dichloromethane. The final product was dried for 8-10 h in oven 

at 100 °C. 

When the C18SiO2NPs sorbent was ready, the synthesis of hybrid NPs was carried out 

according to the previously described procedure [2] with some modifications. The 

modified synthesis involved the addition of 14 mg of FeCl3.6H2O, 4 mg of MWCNTs (30 

± 15 nm diameter), 2 mg of synthesized C18SiO2NPs, 0.75 mL of ethylene glycol and 0.036 

g of sodium acetate. The mixture was stirred for a few minutes and then it was allowed 

to stand at room temperature for 30 min. Then, the mixture was heated in an oven at 

200 °C for 24 h to complete the reaction. The final synthesized product was cooled to 

room temperature and washed 5 times with 1 mL of distillated water in order to remove 

the excess of the solvent. The MNPs were separated by applying a magnet. Finally, the 

synthesized product was dried at 80 °C, obtaining a black powder. 

Figure 2.3.1. Scheme of synthesis of hybrid nanoparticles. 
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• Functionalization and decoration of MWCNTs 

To decorate MWCNTs with metal NPs in SCFs, it was necessary two steps presented in 

Figure 2.3.2. Firstly, MWCNTs were functionalized in order to improve the decoration 

with metal nanoparticles. Thus, 0.5 g of MWCNTs were dispersed in 40 mL of a H2SO4-

HNO3 mixture (1:1, v: v) and refluxed for 6 h. The mixture was diluted with deionized 

water, stirred and centrifuged at 10,000 g for 10 min. The supernatant was discarded, 

and deionized water was added to the remaining solid; the mixture was stirred and 

centrifuged again until the pH of the supernatant was above three. The solid 

(functionalized MWCNTs) was recovered and dried under vacuum at 60 °C. 

Secondly, the decoration of MWCNTs with metal nanoparticles in SCFs was adapted 

from [3], where 10 mg of functionalized MWCNTs were mixed with 20 mg of metal 

precursor(s). This mixture was loaded in a high-pressure stainless-steel reactor and the 

reactions were carried out as follows: (a) H2 loading; (b) mixing of H2 and CO2 in the 

mixer; (c) loading of H2-CO2 in the reactor; (d) decoration of MWCNTs in the reactor; (e) 

evacuation of H2-CO2 from the system. 

Figure 2.3.2. Scheme for the functionalization and decoration of MWCNTs under supercritical 

medium. 
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• Synthesis of AuNPs 

The synthesis of AuNPs was prepared via a modified process reported López-Lorente et 

al. [4] with some modifications. Before synthesizing AuNPs, all glassware used in the 

synthesis and storage of AuNPs were cleaned with a 1:3 mixture of nitric acid and 

hydrochloric acid (aqua regia), rinsed with ultrapure water and dried in air. The solutions 

of gold(III) chloride and sodium citrate were prepared in ultrapure water and filtered 

before use. Firstly, 50 mL of 1 mM of AuCl3 was heated to boiling while being 

magnetically stirred. When the boiling pint was reached, 5 mL of 38.8 mM sodium citrate 

was rapidly added and allowed to reflux during 15 min. During this time, the initial 

golden colored solution turned a wine-red color. After the synthesis, the colloidal 

suspension was continuously stirred until room temperature was reached and then 

stored in an amber bottle at 4 °C. 

• Synthesis of copper selenide graphene oxide 

For the synthesis of reduced graphene oxide (rGO) with copper selenide nanoparticles 

(CuSeNPs) in SCFs, it was necessary several steps presented in Figure 2.3.3. Firstly, 

sodium seleniosulfide (Na2SeSO3) was prepared by mixing 10 g of selenium powder with 

100 g of anhydrous sodium sulfite in 500 mL of distilled water. Then, this reaction was 

stirring for 8-10 h at 80 °C, obtaining a fresh Na2SeSO3 solution. 

On the other hand, the synthesis of graphene oxide was prepared according to a 

modified Hummers method [5]. This synthesis started by mixing 0.5 g of graphite, 0.5 g 

of sodium sulphite and 23 mL of concentrated sulfuric acid into 100 mL erlenmeyer flask 

in ice bath maintaining temperature below 20 °C. This mixture was stirring for 4 h. Then, 

3.0 g of potassium permanganate were added slowly to the reaction mixture and stirring 

the mixture for 1 h. After this hour, the ice was removed, and the reaction was stirring 

another hour more and heating the mixture at 35 °C. After this step, 46 mL of deionized 

water were added, and the reaction was stirring and heating at 95 °C for 2 h without 

allowing the mixture to boil. Subsequently, the heater was turned off and allowed it to 

cool in room temperature. Then, 100 mL of deionized water were added and stirred the 

mixture for 1 h. The next step was the addition of 10 mL of 30 % hydrogen peroxide for 

1 h with constant stirring. The GO was formed and finally, the product was washed with 
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deionized water several times until the pH became neutral, indicating the final product 

doesn’t contain residual salts and acids. 

The next step was the preparation of copper selenide graphene oxide (CuSeGO), which 

consists of an aqueous solution by mixing 2 mL of CuSO4.5H2O, 2 mL of sodium citrate, 

2 mL of Na2SeSO3 solution and 0.2 g of synthesized GO. This solution was mixing with 

constant stirring for 10 min and sonicated for 10 min. 

The last step was the reduction of copper selenide graphene oxide (CuSe-rGO) under 

supercritical conditions. The synthesis was carry through using sc-CO2 as a reaction 

medium adapted from [6]. For each reaction, 6 mL of CuSe-rGO was taken in a 10 mL 

stainless steel column. Then, sc-CO2 was charged into the column. The synthesis was 

carried out at 200 °C and 20 MPa and the reaction was maintained for 1 h. A 

depressurization time of the system was about 5 min and it was used to bring back the 

system until atmospheric pressure. 

 

 

Figure 2.3.3. Schematic synthesis of copper selenide-reduced graphene oxide in supercritical 

fluids. 
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Procedures for dispersion, extraction and preconcentration of nanoparticles 

• Preconcentration of mycotoxins by mSPE 

mSPE is a type of SPE using superparamagnetic sorbents. The steps involved in both 

cases are similar, but in mSPE the sorbent does not need to be packed into a cartridge, 

just NPs are removed by applying a magnet without the need for centrifugation or 

filtration steps, which makes the preparation of the sample easy and fast. The procedure 

followed for the preconcentration of mycotoxins by mSPE is illustrates in Figure 2.3.4. 

The first step involves the conditioning of the sample with 1 mL of acetonitrile and 3 

times with 1 mL of deionized water in this order. This step was carried out in order to 

eliminate the unreacted templates and to activate the MNPs. 

 

Figure 2.3.4. Schematic representation of steps required for the mSPE procedure. 

 

Then, the second step, which involves the dispersion of the sample, consisted of the 

addition of 25 mL of mycotoxins to the vial. The mixture was mixed at room temperature 

for 5 min, for further interaction between the analytes and the hybrid NPs. 



Materials, equipment and methods  82 
 

 

The third step is based on applying an external magnet to isolate magnetic 

nanomaterials containing the adsorbed mycotoxins. The main goal of this step is to 

remove all compounds retained by non-selective interactions on the MNPs while leaving 

the target analyte in place. 

Finally, the last step implies the elution. Here, the objective is to use the minimal volume 

of solvent to disrupt specific interactions between the sorbent and the target analyte. 

Mycotoxins were eluted from the magnetic NMs with 2 × 0.5 mL of acetonitrile. 

• Preparation of modified screen-printed electrodes 

Prior to modified screen-printed electrodes, decorated MWCNTs with metal NPs were 

dispersed in water (0.5 % Nafion, v:v) by ultrasonication, obtaining individual 

concentrations of 1 mg mL−1. The goal of using Nafion is due to films formed from 

Nafion-solubilized MWCNTs are more uniform and stable than those casted from 

organic solvents. After that, 6 µL of the dispersed MWCNTs was added onto the surface 

of the electrode and, after 15 min under infrared light, the electrode was ready to use.  
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3. RESULTS AND DISCUSSIONS 
 

“Be happy, strong and positive.” 

V.Moreno. 

 

 

his section includes all the results obtained throughout the experimental work 

carried out in this Thesis, with the corresponding discussion. Three different 

parts have been distinguished: (i) the use of nanomaterials as analytical tools 

for sample treatment; (ii) the use of nanomaterials as analytical tools for detection 

purposes; and (iii) the nanomaterials considered as analytes and, therefore, the mater 

of determination in specific food samples. 

 

T 
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3.1. USE OF MAGNETIC HYBRID NANOPARTICLES TO IMPROVE 

SAMPLE TREATMENTS IN FOOD AND BEVERAGES 

 

“Me enseñaron que el camino del progreso no es ni rápido ni fácil.” 

Marie Curie. 

 

he great exponential growth that the use of NPs has had in the last years, 

demands the appearance of new methods of analysis in the nanoscale for the 

characterization and analysis of products. Furthermore, their use should lead to 

improve several parameters such as sensitivity, selectivity, rapidity and / or 

miniaturizability, among others [1]. On the other hand, the possibility of their use with 

exceptional properties depending on their size, allows to develop new analysis 

strategies or improve existing ones, for the analytical control of compounds. In this 

sense, satisfying the new ones demands raised by current social and economic problems 

is proposed. 

NPs have been widely used in the field of Analytical Chemistry thanks to the great variety 

of physicochemical properties, high specific areas and increased surface activities, 

highlighting their contribution to conventional extraction techniques that are part of the 

sample treatment of the analytical procedure. 

Each analytical procedure consists of several stages. However, sample preparation is an 

essential step, which must be carried out with great caution, since it can cause errors as 

well as the loss and contamination of analytes, significantly affecting the final result. This 

step includes operations related to sampling, preservation of samples, storage and 

isolation and / or enrichment of analytes, particularly in environmental, food and 

biological samples, which are characterized by being contained in complex matrices and 

the presence of ultratraces. of analytes. Therefore, it is necessary both to isolate the 

analytes from the sample and to enrich them before their detection and quantification. 

T 
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In this way, the analytes isolated from the matrix eliminate the impact of the substances 

that interfere in the sample. 

The main problems that arise in the preparation of samples for the analysis are the time 

required, the quantitative recovery, the simultaneous isolation of impurities and the 

high costs. Thus, it is necessary to develop new methodologies that adequately prepare 

the samples for further analysis. 

It is commonly known that the sorbent plays a crucial role in the SPE technique, which 

is directly related to the analytical sensitivity, precision, and selectivity parameters. 

Most analytical applications use NPs as solid sorbents in SPE techniques as well as the 

formation of hybrid nanomaterials. For this purpose, there are several ways to use them 

such as packed [2], dispersed [3] or in the form of coatings [4] to extract and 

preconcentrate analytes from different nature. On the other hand, the use of MNPs 

offers an interesting alternative to conventional SPE sorbents due to their high specific 

surface area, sorption capacity, and high selectivity regarding analytes. The duration of 

the extraction process can be shortened considerably, using very small amounts of 

sorbent and large sample volumes. 

This section aims to investigate the use of NPs and their analytical applicability through 

different extraction techniques focused on the determination of several analytes of food 

interest. This aspect is depicted by the developed works: 

• The first work is based on the develop a straightforward decoration method 

based on magnetic multi-walled carbon nanotube-nanoC18SiO2 composites for 

the analysis of mycotoxins in maize samples by SPE prior to their determination 

by LC-MS. 

• The second work is focused on the synthesis of a synthetic sorbent material with 

magnetic susceptibility, resulting from the combination of MNPs, CNTs, and nano 

SiO2C18, for the selective extraction of pesticides from water and juice samples 

by SCFs, using carbon dioxide as a reaction medium. 
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3.1.1. Hybrid nanoparticles based on magnetic 

multiwalled carbon nanotube-nanoC18SiO2 

composites for solid phase extraction of mycotoxins 

prior to their determination by LC-MS 
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ABSTRACT 

The preparation of magnetic nanoparticles (MNPs) coated with a layer of octadecyl 

group-modified silica containing multiwalled carbon nanotubes (MWCNTs) is described. 

Synthesis was accomplished by in-situ high temperature decomposition of the 

precursors ferric ion, octadecyltrichlorosilane (C18) and MWCNTs in ethylene glycol 

solvent. Transmission electron microscopy confirmed that the MNPs are encapsulated 

in the composite silica coating. These MNPs were used for clean-up of maize samples 

and the preconcentration of zearalenone and its secondary metabolites, namely β-

zearalenol, β-zearalanol, α-zearalenol, α- zearalanol, and zearalanone at trace levels, 

prior to their determination by liquid chromatography-mass spectrometry. A 

comparative study of analyte adsorption and desorption was conducted with MNPs 

prepared with and without C18 and showed both solid phases to adsorb the analytes to 

some extent, but higher recoveries were obtained by using the C18 modified MNPs which 

therefore was selected for extraction of the mycotoxins. Under the optimum conditions, 

the MNPs can be re-used 6 times at least without loss of their extraction efficiency. 

Preconcentration factors are ~25, detection limits range from 0.6 to 1.0 μg mL−1, 

recoveries from spiked samples from 91.6 to 98.3 %, and relative standard deviations 

are < 3.9 %. 

 

Keywords: Magnetic solid phase extraction. Liquid chromatography. Mass 

spectrometry. Macrocyclic lactone mycotoxins. Maize analysis. Transmission electron 

microscopy. Silica nanopowder. 
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1. Introduction 

Zearalenone (ZON) and its metabolites α-zearalenol (α-ZOL), β-zearalenol (β-ZOL), α-

zearalanol (α-ZAL), β-zearalanol (β-ZAL) and zearalanone (ZAN) (Figure 3.1.1.1) are 

highly toxic secondary metabolites. They are produced by fungal species, which belong 

to the group of macrocyclic lactone mycotoxins (MLM) [1]. They are chemical 

compounds of low molecular weight produced by fungi, which have pathological effects 

in humans and in animals. Mycotoxins are found in the top of the list of most common 

natural contaminants in food worldwide. As a result, it has begun to attach importance 

now. Recently, there are many withdrawals of animal feed in which these substances 

have been detected. Thousands of mycotoxins exit in food and feed, but only a few 

present significant food safety challenges. The natural fungal flora associated with food 

is dominated by three genera like Aspergillus, Fusarium and Penicillum. They grow in a 

wide range of agricultural goods before, during and after harvest [2]. Mycotoxin intake 

through food causes harmful effects on human and animal health and, because of this 

strict limit have been established around the world in various food products. These 

analytes are also use illegally as feed additives to increase animal growth, due to their 

ability to increase the efficiency [3]. They have been considered very chronic dietary risk 

factor and, many of them, are classified as cytotoxic, carcinogenic or mutagenic, among 

others. Nuts, fruits and cereals, especially the latter, are among the mayor food 

commodities affected by mycotoxin contamination, involving a serious risk for public 

and livestock health [4]. Rice and maize are the most consumed cereals and their 

contamination is dependent on environmental factors like temperature, humidity, 

insect damage, drought and inadequate moderate climates, so their consumers also 

may be controlled in food and feed [5-8]. To protect consumers, the European Union 

has set out the maximum levels of Fusarium toxins to be adopted in July 2006 [9]. 

Maximum levels of 200 and 100 μg kg−1 have been fixed for ZON in unprocessed corn 

and unprocessed cereals other than corn, respectively. 

For the determination of ZON and its metabolites, many techniques have been reported: 

thin-layer chromatography (TLC) [10], gas chromatography-mass spectrometry (GCMS) 

[11], liquid chromatography using UV diode array [12], fluorescence [13], 

electrochemical detection [1] and mass spectrometric detection [14]. To perform the 

extraction of samples with these methods cleaning procedures, are needed in order to 
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remove most of the interfering and to preconcentrate the analytes of interest. These 

procedures include liquid-liquid extraction (LLE) [15], solid phase extraction (SPE) [16-

18], pressurized liquid extraction (PLE) [19] and supercritical fluid extraction (SFE) [20]. 

Octadecyltrichlorosilane silica gel (C18) and carbon nanotubes (CNTs) are good 

adsorbents for ZON and its metabolites, because of their hydrophobicity, large specific 

surface area, and excellent chemical stability [1,21]. These sorbent materials were used 

in cartridge mode, which often results in a tedious column packing procedure, high 

backpressure and low flow rate. In order to avoid these disadvantages, the incorporation 

of CNTs and C18 in magnetic solid phase extraction (MSPE) is an excellent alternative. 

The experimental procedure is simple [22]. The phase separation can be simply carried 

out by applying an external magnetic field and, furthermore, it is possible to recycle the 

magnetic NPs. 

 

Figure 3.1.1.1. Chemical structure of zearalenone (ZON), α-zearalenol (α-ZOL), β-zearalenol (β-

ZOL), α-zearalanol (α-ZAL), β-zearalanol (β-ZAL) and zearalanone (ZAN). 

 

One way to prepare magnetic C18 nanoparticles is by the reaction between magnetite 

and octadecyltrichlorosilane (C18) [23]. The difference between C18 and C18 nanoparticles 

is that the latter were prepared from SiO2 NPs, so that its particle size is smaller. This 

material is not stable because the magnetite is easy oxidized in the air. Liu et al. [24] 
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prepared monodisperse and homogeneous magnetic C18 microspheres based on three-

step reactions: solvothermal reduction, silanization and alkylation. In fact, this 

procedure involves complicated, time-consuming operations, and it is frequently 

difficult to achieve a controlled coupling between MNPs and C18. An alternative method, 

involving the in situ synthesis of MNPs onto the surface of C18, can be more 

advantageous for a large-scale synthesis. 

CNTs are important polymorphs carbon structures. In general, the properties of CNTs 

mainly depend on the following factors: the number of concentric layers, the way they 

are arranged, and the pipe diameter. They present several interesting properties, such 

as high electrical conductivity, mechanical strength and chemical stability. Additionally, 

CNTs possess a high surface area and a pore structure in layers, which is ideal for storing 

various items and chemicals. Multi-walled carbon nanotubes are selective for the 

adsorption of mycotoxins because they possess their unique tubular structures and 

extremely high surface area and a porous structure capable of storing various elements 

and chemicals [21]. During the past decade, the synthesis of nanosized magnetic 

materials has been the subject of intensive research, owing to their biocompatibility and 

potential applications. When Fe3O4 particles are encapsulated, they are magnetically 

susceptible. Thus, they can be easily isolated from the sample by applying an external 

magnetic field, without the need for complicated centrifugation steps or filtration [25]. 

On the contrary, as disadvantages, when using these materials in SPE without MNPs it 

is necessary to pack the sorbent material in a cartridge or a minicolumn. This process is 

time consuming and requires more time to perform the procedures of packing of the 

adsorbent material, and to carry out the corresponding filtration or centrifugation steps. 

There are several methods used to modify the surface of the CNTs [26-31]. One method 

to prepare magnetic CNTs is based on the use of MNPs anchored to the surface of 

iron(III) oxide particles by chemical deposition of Fe3O4 MNPs onto CNTs [30] or by 

electrostatic self-assembling [26,27]. Other alternative is caging Fe3O4 MNPs and 

MWCNTs into calcium alginate beads [31]. 

Gao et al. [28] and Morales-Cid et al. [29] used in situ high magnetic decomposition 

temperature of the precursor [iron(III)] and MWCNTs, in ethylene glycol. Although a high 

temperature is required for an efficient Fe3O4 decoration CNTs with NPs, the reaction is 
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relatively selective and sensitive. In addition, CNTs did not require any modification, and 

the size and density of the MNPs coverage can be easily adjusted through the precursor 

MWCNT/magnetite ratio, the temperature, and the synthesis time. 

Taken into account these precedents, we exploited the advantages of the solvothermal 

approach for decorating C18 and MWCNTs with MNPs to prepare magnetic hybrid 

nanoparticles. Additionally, these nanoparticles showed a super operational stability 

and retained excellent adsorption. Furthermore, magnetic properties even after a 6-

cycle run for the adsorption and desorption of ZON and its metabolites. The synthetized 

material was characterized by transmission electron microscopy analysis. The present 

work is focused on developing a straightforward decoration method, in order to obtain 

composites for the use in the targeted analysis of ZON and its metabolites in maize 

samples. These types of samples commonly contain the higher amounts of mycotoxins. 

In addition, mycotoxins are gaining increasing global attention for the significant 

economic losses they represent, and the risks associated with animal and human health. 

Finally, no research on the application of the highly stable magnetic MWCNTs-C18 

composites for the extraction of trace ZON and its metabolites as an SPE format in food 

analysis has been reported. 

 

2. Experimental 

2.1. Chemicals, materials, and samples 

ZON, α-ZOL, β-ZOL, α-ZAL, β-ZAL and ZAN standards were purchased from Sigma-Aldrich 

(St. Louis, MO, USA, www.sigmaaldrich.com). Stock standard solutions were prepared 

in acetonitrile and stored in the dark at -20 °C until use. The concentration of the stock 

standard solutions was in the range from 2.5 to 3 mg mL−1, depending on the particular 

mycotoxin. Working standard solutions were made by appropriate dilution of the stock 

standard solutions with the mobile phase consisting of water/methanol/ acetonitrile 

(H2O: MeOH: ACN= 35:55:10, v/v, 15 mM ammonium acetate, pH 7.4). Acetonitrile, 

methanol (HPLC grade) and ammonium acetate were supplied by Panreac (Barcelona, 

Spain, www.panreac.es). Water was purified with a Milli-Q system (Millipore). All 

solutions prepared for HPLC were passed through a 0.45 μm nylon filter before use. 

Multi-walled carbon nanotubes (30 ± 15 nm diameter) with 95 % purity were obtained 
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from NanoLab (Brighton, MA, www.nano-lab.com). MWCNTs were used with no 

pretreatment. Silica nanopowder (12 nm) at 99.8 % purity, sodium acetate, ethylene 

glycol, iron(III) chloride hexahydrate, methanesulfonic acid and octadecyltrichlorosilane 

were obtained from Sigma-Aldrich (St. Louis, MO, USA). 

 

2.2. Characterization measurements 

TEM images were obtained with Jeol JEM 2011 operating at 200 kV and equipped with 

an Orius Digital Camera (2×2 MPi) from Gatan. The samples were prepared by deposition 

of a drop of the synthesized material suspension onto a lacey carbon/format-coated 

copper grid. The digital analysis of the HRTEM micrographs was done using Digital 

Micrograph TM 1.80.70 for GMS 1.8.0 Gatan. 

 

2.3. Chromatographic analysis 

A LC pump (Agilent series 1100, Waldbronn, Germany) was used for the 

chromatographic system. For the chromatographic separation of the analytes a C18 

reverse phase Ascentis Express (150 × 4.6 mm, 2.7 m) from Supelco (Bellefonte, PA, USA) 

was used, including an injection valve with an inner loop of 40 μL for direct injection of 

the analytes into the chromatographic column. Detection was carried out with a UV-Vis 

diode array detector (Agilent, 1200 series) equipped with a 2 μL flow cell coupled in 

series with a MS detector (Agilent, 6140 series), equipped with an atmospheric pressure 

ionization source electrospray (API-ES). The wavelength was set at 236 nm. The optimal 

operating parameters for the MS detector in positive ion mode were: drying glass flow 

13 mL min−1, drying gas temperature 350 °C, nebulizer pressure 60 psi and capillary 

voltage 3500 V. Single ion monitoring (SIM) was used to quantify the target analytes 

using external calibration. Previously, full scan mode was used to identify the analytes 

by matching the retention time and mass spectra with standards. The main mass spectra 

ions were 345.1 (α-ZAL and β-ZAL), 343.1 (α-ZOL and β-ZOL), 321.1 (ZAN) and 319.2 

(ZON). 

Chromatographic analyses were carried out using the following gradient: mobile phase 

water/methanol/ acetonitrile (H2O: MeOH: ACN= 35:55:10, v/v, 15mM ammonium 

acetate, pH 7.4) in isocratic mode, running at a flow-rate of 0.4 mL min−1. Injection 
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volume was 10 μL and the column was maintained at a temperature of 40 °C. 

Reequilibration of the column was done in 35 min after each run. All solvents were 

filtered through a 0.45 μm nylon membranes (Teknokroma, www.teknokroma.es) 

before they were used and analyzed. It is very important to filter everything because 

otherwise the system may be damaged. 

 

2.4. Preparation of nanoparticles of C18 sorbent (C18SiO2NPs) 

Silica nanopowder is the common name for nanomaterials composed of silicon dioxide 

(SiO2) and occurs in crystalline and amorphous forms. Crystalline silica exists in multiple 

forms. Silica nanopowder (12 nm) used as the support material was activated in order 

to enhance the silanol groups on the silica surface in order to modify it. A 2 g of silica gel 

nanopowder was mixed with 15 mL of 33 % methanesulfonic acid and refluxed with 

stirring during 8 h. The solid product obtained was recovered by centrifugation, followed 

by wash with deionized water to a neutral pH and dried under vacuum at 70 °C for 8 h 

[32]. 

The preparation of the nanoparticles of C18 started by mixing of 0.5 g of [SiOx(OH)4-2x]n 

with 1.5 mL of anhydrous chloroform, vigorously stirring this solution. Then, 0.5 mL of 

octadecyltrichlorosilane was added to the solution. The mixture was stirred for 2 h. After 

reaction, the solid product was filtered, washed with chloroform, methanol and finally 

with dichloromethane. The final product obtained is left to dry for 8-10 h in oven at 100 

°C, obtaining a clean material as white powder. 

 

2.5. Preparation of hybrid nanoparticles 

The hybrid nanoparticles were prepared by in situ high temperature decomposition of 

the magnetic precursor [iron(III)], MWCNTs and C18SiO2NPs, according to the previously 

described procedure [29], incorporating some modifications. This modified synthesis 

involves the addition of 14 mg of FeCl3.6H2O, 4 mg of MWCNTs and 2 mg of 

octadecyltrichlorosilane. This mixture was suspended in 0.75 mL of ethylene glycol in a 

glass vial. Then, 0.036 g of sodium acetate was added. The solution was allowed to stand 

at room temperature for 30 min, although previously was stirred and sonicated for a 

few minutes. Afterwards, the glass vial was heated in an oven at 200 °C for 24 h, in order 
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to complete the reaction. After cooling to room temperature, the synthetic product was 

washed for 5 times with 1 mL of distillated water. The MNPs were then separated by 

applying a magnet. The nanoparticles thus obtained can be stored in Milli-Q-water (1 

mL) or dried at 80 °C until needed. This experimental procedure was optimized in order 

to obtain as small nanoparticles as possible, in order to have a higher surface area and, 

hence, to increase the retention of the analytes onto the composite nanomaterial. 

 

2.6. Sample preparation 

The extraction process was performed by following a previously described protocol 

[33,34]. Thus, 6 g of milled maize was homogenized and extracted in 24 mL of a mixture 

containing 75 % (v/v) acetonitrile and 25 % water. After centrifugation, the supernatant 

was filtered through a nylon filter and diluted to 25 mL. The procedure was as follows: 

10 g of maize sample well homogenized were weighed onto aluminum foil and a 

microvolume of stock solutions of the analytes was slowly added dropwise. The solution 

being spread over the soil and the sample allowed standing for 30-60 min to allow 

acetonitrile to evaporate. The next step is to carry out the process of magnetic solid 

phase extraction with magnetic nanoparticles. 

 

2.7. General procedure for preconcentration by magnetic nanomaterials 

An amount of 5 mg of magnetic nanomaterials were put into a 50 mL vial. The first step 

was conditioning the samples with 3 mL of acetonitrile and deionized water in this order. 

After that, 25 mL of mycotoxins (standard or sample extract) was added to the vial. The 

mixture was mixed at room temperature for 5 min in order to form a homogenous 

dispersion solution. After the sample stand for 5 min, magnetic nanomaterials 

containing the adsorbed mycotoxins were rapidly removed from the solution under a 

strong external magnetic field. After discarding the supernatant solution, mycotoxins 

were eluted from the magnetic nanomaterials with 2 × 0.5 mL of acetonitrile. This 

solution (10 μL) was injected into the LC-MS system. 
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3. Results and discussion 

3.1. Optimization of LC-MS 

The following LC-MS parameters were optimized: (a) stationary phase, (b) mobile phase 

composition, (c) drying gas flow, (d) drying gas temperature, (e) nebulizer pressure, and 

(f) fragmenting voltage. Respective data are given in the electronic Supporting 

Information. The following experimental conditions were found to give best results: (a) 

reversed phase C18 column with a particle size of 2.7 μm of diameter, (b) water / 

methanol / acetonitrile (H2O: MeOH: ACN= 35:55:10, v / v, 15 mM ammonium acetate, 

pH 7.4) as mobile phase, (c) drying gas flow 13 mL min−1, (d) drying gas temperature 350 

°C, (e) nebulizer pressure 60 psi, and (f) fragmenting voltage 3500 V. SIM was used to 

quantify the target analytes using external calibration. 

3.2. Adsorption of macrocyclic lactone mycotoxins onto MNP-MWCNT- nanoC18SiO2 

composite 

The objective was to use the magnetic susceptibility of MNPs in order to simplify the 

sample treatment. For this purpose, CNTs material was combined with MNPs, as a 

hybrid composite material, and it must be capable to adsorb the mycotoxins. In this way, 

ZON and its metabolites were selectively extracted in the sample preparation step. 

MWCNTs were demonstrated to be more efficient than SWCNTs for the extraction of 

these compounds from the samples. The arguments were that MWCNTs have a higher 

adsorption capacity and they are less prone to aggregation. Tests were performed with 

six types of MWCNTs, purchased at purity greater than 95 % from NanoLab (Brighton, 

MA), and with different diameters and lengths. Table 3.1.1.1 shows the information 

about the types of MWCNTs used in the synthesis of the hybrid nanomaterial, and a 

comparison of recoveries obtained in the extraction of mycotoxins.  

Table 3.1.1.1. Recoveries values of macrocyclic lactones mycotoxins by using different MNPs-

MWCNTs sorbent materials. 

MWCNTs 
Recovery (%) 

Macrocyclic Mycotoxins 

OD (nm) Length (microns) β-ZAL β-ZOL α-ZAL α-ZOL ZAN ZON 

15 ± 5 1-5 18 ± 2 26 ± 5 24 ± 2 21 ± 3 42 ± 2 31 ± 5 
30 ± 10 1-5 27 ± 4 32 ± 1 26 ± 1 34 ± 3 59 ± 2 48 ± 2 
15 ± 5 5-20 31 ± 5 33 ± 2 28 ± 3 35 ± 1 63 ± 1 60 ± 1 
30 ± 5 1-5 35 ± 2 28 ± 3 34 ± 2 37 ± 2 69 ± 2 58 ± 2 

30 ± 15 5-20 38 ± 5 6 2± 3 33 ± 1 39 ± 4 72 ± 2 76 ± 2 
30 ± 10 5-20 35 ± 3 59 ± 4 29 ± 3 40 ± 3 65 ± 1 75 ± 5 
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As it can be seen in Table 3.1.1.1, the best recoveries were obtained by using MWCNTs 

with dimension of 30 ± 15 nm and diameter of 5-20 μm. Therefore, these MWCNTs were 

used for synthesis of MNP-MWCNTs. C18SiO2NPs was selected in order to improve the 

recoveries of mycotoxins. The hybrid nanoparticles were prepared using the same 

procedure as in the synthesis of MNP-MWCNTs except for the addition of 2 mg of 

C18SiO2NPs. 

 

Figure 3.1.1.2. Recoveries obtained in the analysis of six mycotoxins using a standard solution 

involving MNPs, MNP-MWCNTs and MNP-MWCNT-C18 as clean-up and preconcentration 

material. 

 

The nanomaterial thus obtained was rapidly isolated from the dispersion with the aid of 

an external magnetic field. No free MWCNTs or C18SiO2NPs remained in solution after 

the magnetic field was applied. The reusability of magnetic sorbent was evaluated in 

spiked maize samples spiked with 10 ng mL−1 of each mycotoxin. The recoveries of all 

extracted mycotoxin reminded constant after 6 uses of the magnetic sorbent without 

any treatment. After these uses it was observed a lost on the extraction efficiency, with 

recoveries decreasing down to 70 %. This result is especially interesting from an 

analytical point of view because the composite material can be easily dispersed and is 

stable when reused at list for six times. In fact, it remained in suspension throughout the 
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preconcentration process. As can be seen in Figure 3.1.1.2, using 

octadecyltrichlorosilane in the synthesis, the recoveries were increased from 70 to 89 % 

for ZON, 39 to 80 % for β-ZAL, 65 to 84 % for β-ZOL, 35 to 85 % for α-ZAL, 42 to 82 % for 

α- ZOL and 71 to 93 % for ZAN. 

3.3. Characterization of MNP-MWCNT-nanoC18 composite 

In order to confirm whether that product obtained was in fact the MNP-MWCNT-

nanoC18 composite, the material was characterized by Transmission Electron 

Microscopy (TEM). Figure 3.1.1.3 shows TEM images for the three types of nanoparticles 

studied. Some differences can be immediately observed. Thus, the micrographs for the 

MNPs reveal the formation of nanosphere aggregates (Figure 3.1.1.3a). Figure 3.1.1.3b 

shows a micrograph for the MNP-MWCNTs. The detailed views (20 nm scale) clearly 

reveal that the MNPs attach onto nanotubes surfaces and look like nodes growing from 

the tubes. Finally, Figure 3.1.1.3c is a micrograph of the composite material (hybrid 

nanoparticles) that shows aggregates formed by C18 and MWCNTs attached to MNPs. 

Hybrid nanoparticles binding in the composite is strong enough to resist applied 

mechanical energy, such as that of manual shaking or sonication. The overall tubular 

structure of the MWCNTs remains intact after in situ decoration. 

 

Figure 3.1.1.3. TEM images of a MNPs; b MNP-MWCNTs and c MNP-MWCNT-C18 composite. 



Results and discussions   106 
 

 

3.4. Analytical performance of the hybrid nanoparticles liquid chromatography-mass 

spectrometry method and application to the determination of macrocyclic lactone 

mycotoxins in maize samples 

The performance of the hybrid nanoparticles LC-MS method was evaluated under the 

adsorption-elution conditions using spiked maize samples. External calibration curves 

using peak areas were obtained by injecting 6 standard solutions at the 4-40 ng mL−1 

range. At least three replicates were performed at each concentration level. Each 

solution contained the 6 mycotoxin standards used in this work. The linear range, 

calibration equation and other figures of merit are summarized in Table 3.1.1.2. 

Repeatability values of peak areas and retention times were obtained by injecting a 

mixture containing 10 ng mL−1 of each standard (n=11). Repeatability values ranging 

from 1.8 to 3.9 % and from 0.1 to 0.2 % were found for peak area and retention time, 

respectively. The reproducibility of the MNP-MWCNT-nanoC18SiO2 composite sorbent 

material was also investigated in terms of batch-to-batch series. Ten different batches 

of sorbent were used to extract a standard mixture containing 10 ng mL−1 of each 

mycotoxin. The relative standard deviations (RSD) ranged between 3.7 and 7.2 % were 

lower than 10 % in all cases, which was much better than the value recommended by 

the AOAC (32 %). 

 

Table 3.1.1.2. Linear range, linearity curve and other figures of merit for the determination of 

macrocyclic lactone mycotoxins in maize samples by the proposed MNPs-MWCNTs-nanoC18 

LCMS method. 

Analyte 
Linear 
range 

(µg L-1) 
Linear curve R2 Sx/y 

Repeatability, RSDa (%) LOD  
(µg L-1) 

LOQ  
(µg L-1) Peak area tR 

β-ZAL 4-40 
(13096.4 ± 120.7)X+ 
(70717.5 ± 2652.6) 

0.9996 3751.4 2.8 0.1 0.9 2.9 

β-ZOL 4-40 
(12509.4 ± 75.5)X+ 
(5367.5 ± 1660.0) 

0.9998 2347.6 1.8 0.2 0.6 1.9 

α-ZAL 4-40 
(5138.8 ± 45.9)X+ 
(5894.4 ± 1009.0) 

0.9996 1426.9 3.9 0.1 0.8 2.8 

α-ZOL 4-40 
(8583.6 ± 90.8)X+ 
(9170.3 ± 1995.4) 

0.9994 2822.0 2.3 0.2 1.0 3.3 

ZAN 4-40 
(43702.2 ± 491.8)X+ 
(203700.4±11562.7) 

0.9995 14215.3 2.4 0.2 1.0 3.3 

ZON 4-40 
(41819.0 ± 340.9)X+ 
(302681.0 ± 7490.5) 

0.9997 10593.1 2.4 0.2 0.8 2.5 

a For a mycotoxin concentration of 10 μg L−1 (n=11) 
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The limits of detection and limits of quantification were estimated for signal-to-noise 

ratios of 3 and 10, respectively. As observed in Table 3.1.1.2, the limits of detection and 

the limits of quantification were ranged from 0.6 to 1.0 ng mL−1 and from 1.9 to 3.3 ng 

mL−1, respectively. In all cases, the limits of quantification were below the values 

indicated in Amending Regulation (EC) N°466/2001 as regards Fusarium Toxins [12], 

when maize samples were treated. The applicability of the method was evaluated in the 

analysis of macrocyclic mycotoxins in maize samples, which were found to contain none 

of the six above mentioned mycotoxins. Thus, maize samples were spiked with the 6 

mycotoxins at different concentration levels. The concentration of mycotoxins in the 

spiked samples was calculated from the calibration equations. Figure 3.1.1.4 shows 

three chromatograms of the standard solution (Figure 3.1.1.4a), un-spiked and spiked 

maize samples (Figure 3.1.1.4b and Figure 3.1.1.4c) obtained by using the MNP-

MWCNT-nanoC18SiO2 clean-up method in combination with LC-MS. 

Figure 3.1.1.4. LC-MS chromatograms of standard solution of the mycotoxins mixture, non-

spiked and spiked maize sample, subjected to the hybrid nanoparticles-based procedure. 
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The recovery results obtained are summarized in Table 3.1.1.3. As observed in this table, 

recoveries in the range of 91.6 to 98.3 %, depending on the analyte, were obtained. 

Table 3.1.1.3. Recovery results of the determination of macrocyclic lactone mycotoxins in maize 

samples spiked at different levels by using the MNPs-MWCNTs-nanoC18 sorbent. 

 

Table 3.1.1.4. Comparison of the proposed MNPs-MWCNTs-C18 method with the C18, 

immunoaffinity, and MWCNTs [1,21,35] for determination of mycotoxins. 

 
MNP-MWCNT-C18SiO2 

[This work] 
C18 [1] Immunoaffinity [35] MWCNTs [21] 

Method 
development 

Easy with magnetic 
field 

Time consuming: 
need of filtration 

Time consuming: need 
of filtration and 
centrifugation 

Time consuming: 
need of filtration and 

centrifugation 
Reusability 6 times 1 time 1 time 1 time 

Analytical range  4-40 (ng mL-1) 5-50 (ng mL-1) 126-298 (ng g-1) 20-10000 (ng mL-1) 
Precision (%) < 3.9 < 6.9 < 7.9 < 10 
LOD (ng mL-1) 0.6-1.0 1.3-1.4 0.5 0.20-0.29 (µg kg-1) 
LOQ (ng mL-1) 1.9-3.3 4.2-4.8 2.6-3.5 0.54-0.78 (µg kg-1) 
Recovery (%) 92.1-98.3 92-108 81-84 95.3-107.2 

 

Analyte 
Spiked level 

(μg Kg-1)  
Concentration found  

(μg Kg-1) 
Recovery  

(%) 

β-ZAL 

100 92.1 ± 1.3 92.1 
150 144.8 ± 2.2 96.5 
200 193.3 ± 1.6 96.6 
300 293.6 ± 3.4 97.9 
500 471.8 ± 2.2 94.4 

β-ZOL 

100 93.0 ± 1.6 93.0 
150 146.0 ± 1.7 97.3 
200 189.5 ± 2.1 94.8 
300 294.7 ± 1.9 98.2 
500 483.3 ± 1.8 96.7 

α-ZAL 

100 94.7 ± 2.3 94.7 
150 140.6 ± 2.1 93.8 
200 189.3 ± 1.7 94.6 
300 282.5 ± 1.6 94.2 
500 467.1 ± 1.5 93.4 

α-ZOL 

100 92.5 ± 0.9 92.5 
150 138.5 ± 1.5 92.3 
200 191.1 ± 0.7 95.5 
300 292.1 ± 0.4 97.4 
500 477.5 ± 2.1 95.5 

ZAN 

100 91.6 ± 2.0 91.6 

150 145.0 ± 1.6 96.7 

200 189.3 ± 1.5 94.7 

300 294.9 ± 1.4 98.3 

500 464.0 ± 1.3 92.8 

ZON 

100 92.9 ± 1.1 92.9 
150 144.3 ± 0.8 96.2 
200 190.5 ± 0.5 95.2 
300 289.0 ± 1.5 96.3 
500 478.2 ± 3.5 95.6 
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4. Conclusions 

Hybrid nanoparticles were successfully prepared and applied for the extraction of ZON 

and its metabolites from maize samples. The magnetic method for sample treatment 

presents several advantages when it is compared with the previously developed 

traditional SPE for mycotoxins [1]. The use of MNPs is one important trend topic in solid 

phase extraction techniques, because the application of magnetic separation 

technology simplifies sample treatment. The sorbent does not need to be packed into 

the cartridge (as it is usual in common SPE), the separation phase can be carried out 

easily by applying an external magnetic field, and the MNPs showed great stability, 

which can allow the reusability of the nanomaterials six times. In addition to the applied 

use, better precision, sensitivity and recoveries were obtained using this method. The 

limits of quantifications are below than the values reported in Directive 856/2005/EC 

[12] for these types of samples. Table 3.1.1.4 summarizes the advantages, as well as a 

comparison of this method with respect to others previously reported [1,21,35]. 

The limitation of this method is that the sample treatment and separation/detection are 

carried out off-line. A next step could be the on-line use of MNPs combined with more 

sensitive detectors, such as MS/MS, in order to improve sensitivity and thus expanding 

the applicability of the method to other samples, such as bread, pasties, snacks, cereal 

snacks and breakfast cereals. In these cases, the European Commission has established 

an acceptable level of ZON of 20-50 μg Kg−1 [36]. 
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ABSTRACT 

The synthesis of novel magnetic nanoparticles (MNPs), coated with octadecyl group 

modified silica (nano SiO2C18) containing carbon nanotubes (CNTs) under supercritical 

CO2 medium, is reported. Transmission electron micrographs revealed MNPs decorated 

the surface of the CNTs and nano SiO2C18. The hybrid nanoparticles were used for the 

determination of five neonicotinoids and four sulfonylureas pesticides at trace levels by 

HPLC-UV. A comparative study of analyte adsorption and desorption was conducted 

with similar magnetic composites prepared by high thermal decomposition and sc-CO2 

methods. Both sorbents adsorbed the analytes to some extent, but higher recoveries 

were obtained by using a mixture of both nanomaterials. This mixture was used for the 

extraction of neonicotinoids and sulfonylureas pesticides from water and fruit juices 

samples. MNPs can be re-used ten times at least. Detection limits range from 0.07 to 

0.60 μg mL−1, recoveries from 78 to 95 %, and relative standard deviations are < 5 %. 

 

Keywords: 

Hybrid magnetic nanoparticles, supercritical media, solid phase extraction, liquid 

chromatography, pesticides. 
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1. Introduction 

The synthesis and applications of nanomaterials have become one of the leading pillars 

of nanochemistry and materials science in the last decades. Also, the characterization of 

nanomaterials is a crucial aspect for many research areas, where the specific 

applications are very diverse: consumer goods, cosmetics, printing, packaging, catalysts, 

agroalimentary, construction, automotive, aerospace, etc. [1]. Nanoparticles (NPs) 

exhibit outstanding properties, making necessary to investigate their uses, properties, 

and characteristics in detail. An important application of NPs in analytical chemistry 

consists in their use as sorbents in solid-phase extraction (SPE), as NPs offer significantly 

higher surface area-to-volume ratios, which imply higher extraction capacity and 

efficiency [2,3]. 

Many different NPs have been reported, each of them with interesting intrinsic 

characteristics. However, carbon nanotubes (CNTs) have attracted particular attention 

due to their properties, such as their high mechanical strength, thermal conductivity, 

high chemical stability, ultrahigh specific surface areas and unique tubular structures, 

which make them a promising adsorbent material. All these properties make them 

crucial for many applications. Both single-walled carbon nanotubes (SWCNTs) and multi-

walled carbon nanotubes (MWCNTs) have been used as sorbents in solid phase 

extraction (SPE). For instance, they have been used for the determination of pesticides 

[4] or the extraction of metal species [5,6]. However, SPE carried out in cartridge mode 

presents several disadvantages. The packing and SPE procedure are time-consuming, 

and high amounts of NPs may be required. To avoid these handicaps, the use of 

magnetic nanoparticles (MNPs) is an excellent alternative, as they can be handled by 

applying an external magnetic field, obtaining the so-called magnetic solid phase 

extraction. Also, lower amounts of sorbents are needed, and it is possible to recycle 

them [7], hence minimizing the cost of the analysis and the environmental impact, as 

lower wastes are generated. MNPs functionalized with different reactive groups have 

been previously described [8], and the supports were used for pre-concentration and 

clean-up purposes. In fact, this approach makes the processes easier and more efficient. 

Supercritical fluids (SCFs) present a bright future in the synthesis and processing of 

materials due to their unusual properties, such as low viscosity, high diffusivity, near-
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zero surface tension, and tunability. SCF techniques display many advantages for the 

synthesis of various CNT-based composites [9]. Supercritical CO2 (sc-CO2) is widely used 

because it is a green solvent [10]; it is non-toxic, abundant, cheap, and nonflammable. 

The main objective of this work was to assess the potential of sc-CO2 technique for the 

preparation of a synthetic sorbent material with magnetic susceptibility, resulting from 

the combination of MNPs, CNTs, and nano SiO2C18, for the selective extraction of 

pesticides from water and juice samples. The usefulness of these new nanomaterials 

was demonstrated for the determination of different pesticides in particular matrices. 

Pesticides have been extensively used in agriculture and animal production to fight 

weeds, fungi, and pests, which led to an increase of the world food production [11]. Two 

pesticide families have been selected as target analytes in this work: sulfonylureas [12] 

and neonicotinoids [13]. Analytical results for total pesticides and characterization of 

the material synthesized such as transmission electron spectroscopy (TEM) are also 

presented. 

 

2. Experimental 

2.1. Chemicals, materials, and samples 

All aqueous solutions were prepared using 18.2MΩ cm water purified with a Milli-Q 

system (Millipore, Bedford, MA, USA) and analytical grade reagents. Analytical grade 

standards of nitenpyram (99.9 %), thiamethoxam (99.6 %), clothianidin (99.9 %), 

imidacloprid (99.9 %), acetamiprid (99.9 %), rimsulfuron (99.9 %), triasulfuron (97.4 %), 

trifloxysulfuron sodium (99 %), and bensulfuron methyl (99.3 %) were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Sodium acetate (≥99 %), chloroform (≥99 %), 

methanesulfonic acid (≥99 %), silica nanopowder (12 nm; 99.8 %), single-walled carbon 

nanotubes (1.2-1.5 nm diameter; 2-5 μm), ethylene glycol (99 %), iron (III) chloride 

hexahydrate (≥98 %), iron (III) acetylacetonate (98 %), and octadecyltrichlorosilane (≥85 

%) were also obtained from Sigma. Stock standard solutions of 1 mg mL−1 of each 

pesticide were prepared in acetonitrile and stored in the dark at -18 °C. Acetonitrile and 

methanol (HPLC grade) were purchased from Panreac (Barcelona, Spain). Multi-walled 

carbon nanotubes (30 ± 15 nm diameter; 1-5 μm length) with 95 % purity, were obtained 

from NanoLab (Brighton, MA, USA). 
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2.2. Apparatus and instrumentation 

Sorbent nanomaterials were synthesized using the set-up shown in Figure 3.1.2.1, 

adapted from previous works [14,15]. The detailed procedure is explained in Section 

2.3. 

X-ray diffraction data were collected on a Philips X́Pert MPD diffractometer (PANalytical; 

Madrid, Spain) equipped with a graphite monochromator, using Cu-kα radiation. 

Diffractograms were recorded in a 2θ range of 3-100°, with an angular step of 0.02°, and 

at 1.5 s per step. 

Figure 3.1.2.1. (A) Experimental setup for the synthesis using sc-CO2. (B) Scheme of the 

procedure. 

 

TEM images were obtained with Jeol JEM 2011 operating at 200 kV and equipped with 

an Orius Digital Camera (2×2 MPi) from Gatan. The samples were prepared by deposition 

of a drop of the synthesized material suspension onto a lacey carbon/format-coated 

copper grid. The digital analysis of the HRTEM micrographs was done using Digital 

Micrograph TM 1.80.70 for GMS 1.8.0 Gatan. 

Chromatographic analyses were performed using an Agilent Technologies 1200, 

equipped with an LC pump, Agilent series 1100, a C18 reversed phase Ascentis Express 

(150×4.6 mm, 2.7 μm) obtained from Supelco (Bellefonte, PA, USA), and an injection 

valve with an inner loop of 40 μL for direct injection into the chromatographic column. 

Detection was carried out with a UV-vis diode array detector, Agilent 1200 series. Data 

acquisition and processing were accomplished with LC ChemStation software (Agilent 

Technologies). 
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Separation was carried out using a mobile phase composed by acetonitrile (ACN) and 

water at a flow rate of 1 mL min−1. The following gradient program was used: 20 % ACN 

(0 min), 40 % ACN (6 min), 50 % ACN (7 min), 60 % ACN (13 min), 20 % ACN (14-16 min). 

Injection volume was ten μL, and the column was kept at 35 °C. All solvents were filtered 

through 0.45 μm nylon membranes (Teknokroma; Barcelona, Spain). 

 

2.3. Sorbent preparation 

In this work, ten different sorbents (sc-CO2-SWCNTs, sc-CO2-MWCNTs, sc-CO2-nano 

SiO2C18, sc-CO2-SWCNTs-nano SiO2C18, sc-CO2-MWCNTs-nano SiO2C18, t-SWCNTs, t-

MWCNTs, t-nano SiO2C18, t-SWCNTs-nano SiO2C18, t-MWCNTs-nano SiO2C18) were 

prepared. The first five were prepared by sc-CO2 and the other five were prepared by 

thermal decompositions synthesis. All the information is detailed in Table 3.1.2.1. The 

synthesis of nano SiO2C18 was adapted from Ref. [16] and is shown in Figure 3.1.2.2. 

Schemes of the procedure used for each type of MNPs, and the nomenclature used for 

them, are depicted in Figure 3.1.2.3. 

a) For the synthesis carried out using sc-CO2 as the reaction medium, CNTs had 

to be previously functionalized. This functionalization involved the reflux of CNTs during 

six h in an H2SO4-HNO3 mixture (1:1, v:v). After the dilution of this mixture with deionized 

water, it was stirred and centrifuged at 10,000 rpm for 10 min. This process was 

repeated until the pH was approximately three. Finally, the supernatant was recovered 

and dried at 60 °C under vacuum. 

For each reaction, 10 mg of functionalized CNTs and 20 mg of iron (III) acetylacetonate 

were loaded in a high-pressure stainless-steel reactor. Then, the reactor was heated to 

200 °C and kept at this temperature for 15 min. Finally, the reactor was cooled and 

vented, and the nanomaterials were recovered. Hydrogen and CO2 pressures were 

3.0×105 Pa and 8.0×106 Pa, respectively. After cooling the reactor to room temperature, 

the synthetic product was washed with 1 mL of water and nanoparticles were recovered 

by applying a magnetic field via a magnet and dried at 60 °C under vacuum. The MNPs 

thus obtained were named sc-CO2-SWCNTs and sc-CO2-MWCNTs. Using the same 

procedure but including the addition of 5mg of C18 NPs in the reactor, hybrid CNTs-C18 



123        Use of magnetic hybrid nanoparticles to improve sample treatments in food and beverages 
 

NPs were obtained, named sc-CO2-SWCNTs-nano SiO2C18 and sc-CO2-MWCNTs-nano 

SiO2C18. 

b) In the conventional thermic synthesis, adapted from Ref. [17] with some 

modifications, the high-temperature decomposition of the reagents was carried out. In 

this case, pristine CNTs were used. Briefly, 14 mg of FeCl3·6H2O, 4 mg of CNTs and 0.036 

g of sodium acetate were suspended in 0.75 mL of ethylene glycol in a glass vial. After 

sonication for a few minutes, the solution was allowed to stand at room temperature. 

Then, it was heated in an oven at 200 °C for 24 h. After cooling to room temperature, 

the resulting MNPs were washed and dried at 80 °C. These sorbents were called t 

SWCNTs and t- MWCNTs. Using the same procedure but including the addition of 2mg 

of C18 NPs in the first step, hybrid nanoparticles of CNTs and C18 NPs were synthesized. 

These MNPs were called t-SWCNTs-nano SiO2C18 and t-MWCNTs-nano SiO2C18. 

Only the synthesis of t-MWCNTs-nano SiO2C18 NPs has been previously reported. All the 

other MNPs are here reported for the first time, to our best knowledge. 

 

Table 3.1.2.1. Mixture composition of prepared nanocomposite sorbents and recoveries of 

neonicotinoids and sulfonylureas. 

Sorbent Fe (mg) 
SWCNTs 

(mg) 
MWCNTs 

(mg) 

nano 
SiO2C18 

(mg) 

Recovery (%) 

Neonicotinoids Sulfonylureas 

sc-CO2-SWCNTs- 20 10 - - 43-59 1-5 
sc-CO2-MWCNTs 20 - 10 - 7-13 9-21 

sc-CO2-nano SiO2C18 20 - - 5 1-5 48-52 
sc-CO2-SWCNTs-nano SiO2C18 20 10 - 5 3-9 31-38 
sc-CO2-MWCNTs-nano SiO2C18 20 - 10 5 6-13 62-66 

t-SWCNTs 14 4 - - 36-45 21-36 
t-MWCNTs 14 - 4 - 1-15 7-23 

t-nano SiO2C18 14 - - 2 2-13 40-55 
t-SWCNTs-nano SiO2C18 14 4 - 2 62-68 7-11 
t-MWCNTs-nano SiO2C18 14 - 4 2 37-43 4-8 

t-SWCNTs-nano SiO2C18 + t-
SWCNTs-nano SiO2C18 

    87-93 86-92 
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Figure 3.1.2.2. Scheme for the synthesis of nano SiO2C18. 

 

Figure 3.1.2.3. Schemes for (A) synthesis of magnetic nanoparticles in sc-CO2 and (B) synthesis 

of magnetic nanoparticles by high temperature decomposition. 

 

2.4. Sample preparation and general extraction procedure 

Several water samples were analyzed (well water, river water, and tap water), as well as 

different fruit juices, all of them purchased at local markets (apple juice, pear juice, 

orange juice, and pineapple juice). In all cases, samples were filtered through a cellulose 

acetate filter (0.45-μm pore size; Millipore, Bedford, MA, USA). 

The general procedure was as follows: 10 mg of t-SWCNTs-nano SiO2C18 and 10 mg of 

sc-CO2-MWCNTs-nano SiO2C18 were put into a vial. The sorbent was sequentially 

conditioned with 1 mL of acetonitrile and 5 × 1 mL of deionized water (the sorbent was 

separated from the solvent using a magnet). Then, 10 mL of sample was added to the 
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vial (10 mL of water samples, or 3 mL of juice plus 7 mL of deionized water). The mixture 

was stirred at room temperature for 5 min, let settle for 2 min, and stir 1 more min to 

form a homogeneous dispersion solution. Then, the MNPs containing the adsorbed 

pesticides were removed from the solution using a magnet. Afterwards, the analytes 

were eluted from the MNPs with 2×0.5 mL of acetonitrile. The eluent was concentrated 

to dryness under nitrogen and reconstituted in 100 μL (20:80 CH3CN:H2O, v:v). Finally, 

10 μL was analyzed by HPLC with UV detection at 230 nm (except 250 nm for triasulfuron 

and bensulfuron methyl). 

 

3. Results and discussion 

3.1. Synthesis and characterization of magnetic nanoparticles 

The preparation of sorbents was performed in sc-CO2 medium to maximize the MNP 

CO2-CNTs-nano SiO2C18 composite amount. The sc-CO2 conditions were optimized by 

determining the recovery after confirmation of the synthesized MNP-CO2-CNTs-nano 

SiO2C18 composite by TEM and X-ray. The recovery percentage of MNP-CNT-nano 

SiO2C18 composite was calculated from the total amounts added in the reactor (Fe 

precursor+CNTs+nano SiO2C18) and the MNP-CO2-CNTs-nano SiO2C18 amount obtained 

after the synthesis. The variables optimized were the temperature, CO2 extraction 

pressure, H2 pressure, extraction time and Fe precursor, CNTs and nano SiO2C18 

amounts. When one parameter was changed, the other parameters were fixed at their 

optimal values. The influence of the CO2 pressure and temperature was studied 

simultaneously. In this way, the temperature was tested between 120 and 250 °C, and 

the CO2 pressure ranged from 5 to 15 MPa. The best results were achieved by using 8 

MPa at 200 °C. The effect of H2 pressure was examined in the range 0.1-1.0 MPa by using 

a constant temperature of 200 °C and pressure of 8 MPa. Increasing the H2 pressure 

from 0.1 to 0.3 MPa, effectively increased the amount of the MNP-CO2-CNTs-nano 

SiO2C18, probably due to the reduction of the iron precursor to Fe (0). When the H2 

pressure was higher than 0.3 MPa, the amount of the MNP-CO2-CNTs-nano SiO2C18 

obtained was not higher. Therefore, the H2 pressure was fixed at 0.3 MPas. Next, the 

effect of the reaction time on hybrid nanocomposites recovery was examined between 

5 and 30 min. 15 min was enough to achieve maximum recovery, so this time was 
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selected for following experiments. On the other hand, Fe precursor, CNTs and nano 

SiO2C18 amounts were also optimized between 5 and 50 mg, and the best conditions 

were obtained when using 10 mg of functionalized CNTs, 20 mg of iron (III) 

acetylacetonate, and 5 mg of C18 NPs. 

 

 

Figure 3.1.2.4. (A) X-ray diffractogram of sc-CO2-MWCNTs. (B) TEM images of selected magnetic 

nanoparticles. 

 

As explained before, and to confirm the formation of the nanocomposites, the 

synthesized materials were characterized by X ray diffraction (XRD) and transmission 

electron microscopy (TEM) techniques. Figure 3.1.2.4A shows the X-ray patterns for sc-

MWCNTs. As can be seen in this figure, the diffraction peak at 2θ 42.57° (d-spacing of 

2.12 Å) confirmed the presence of Fe in the nanoparticles. Peaks at 2θ 25.62° and 53.34° 

correspond to the structure of CNTs (d-spacing of 3.47 and 1.71 Å, respectively). The 

XRD results of the sorbent showed that no peaks from other impurities were detected 
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and it confirmed the purity of the material. Figure 3.1.2.4B shows TEM images of 

sorbents prepared by both syntheses. It can be seen that, in all cases, the MNPs were 

deposited onto the surface of CNTs. There are differences observed in the images. In the 

case of SWCNTs, the distribution is more prominent when the synthesis is preparing by 

thermal decomposition. On the other hand, in the case of MWCNTs, the number of 

agglomerates increases by also using the same synthesis, which could be justified due 

to the conditions used in the process. 

 

3.2. Selection of sorbent materials 

The following experiments were carried out in water samples spiked with 10 μg L−1 of 

each pesticide, following the procedure previously described. 

One of the most critical parameters in SPE is the selection of a proper sorbent. Hence, 

the recoveries obtained with each of the synthesized MNPs were determined. Firstly, 

MNPs synthesized in the absence of nano SiO2C18 were tested, as these nanomaterials 

would be cheaper and easier to synthesize. There were considerable differences in the 

recoveries for sulfonylureas and neonicotinoids depending on the sorbent (Table 

3.1.2.1). The best results were achieved with conventional synthesis for neonicotinoids 

(t-SWCNTs) and sc-CO2 for sulfonylureas (sc-CO2-MWCNTs). Sorbent amounts between 

5 and 20 mg were tested, observing similar recoveries for 10 and 20 mg of sorbent. 

However, the recovery yields were lower than 50 % in all cases. The differences observed 

in the recoveries for each family of pesticides were due to the different characteristics 

of the synthesized MNPs. 

Aiming to increase the recovery yields, the modification of the MNPs with nano SiO2C18 

was carried out. The use of hybrid MNPs of CNTs and nano SiO2C18 provided an 

important increase in the recovery yields (Table 3.1.2.1). The best results were observed 

using t-SWCNTs-nano SiO2C18 for neonicotinoids and sc-CO2-MWCNTs-nano SiO2C18 for 

sulfonylureas. However, recoveries lower than 70 % were still observed. Sorbents with 

only nanoSiO2C18 were probed in order to observe the role of this group in both 

syntheses, as can be seen in Table 3.1.2.1. Therefore, mixtures of both sorbents, in 

different amounts and proportions, were tested. It can be observed that a mixture of 10 

mg of t-SWCNTs-nano SiO2C18+10 mg of sc-CO2-MWCNTs-nano SiO2C18 increased the 
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recovery yields for all the pesticides to approximately 90 % (Table 3.1.2.1). Hence, this 

mixture was selected as the best sorbent for further experiments. 

The reusability of MNPs is another factor of considerable importance, as it can decrease 

the cost of analysis and the generation of wastes. The use of only t-SWCNTs-nano 

SiO2C18 or sc-CO2-MWCNTsnano SiO2C18 provoked a decrease in the recovery yields 

after six extractions. However, using t-SWCNTs-nano SiO2C18+sc-CO2- MWCNTs-nano 

SiO2C18, the recovery yields remained stable for at least ten analyses, without any loss 

in the recovery yields. 

 

3.3. Optimization of the elution step 

The influence of the elution solvent is of vital importance, as it determines the final 

extraction efficiency [18]. The suitable solvent must have maximum interaction with the 

analytes and minimal interaction with other impurities. Methanol and acetonitrile (0.5-

1.5 mL) were tested as solvents. The best results were obtained with 2 × 0.5 mL of 

acetonitrile, as same volumes of methanol resulted in a 15-20 % decrease in the 

desorption percentages. 

Sample pH plays an essential role in the SPE procedure, as the pH of the sample 

determines the ionization state of the target analytes, and thus determines the 

extraction recovery [19]. The influence of the sample pH was studied in the range of 3-

11. The best recovery yields were obtained for pH values between 5 and 7, decreasing 

for lower and higher pH values (decreases between 20 and 40 %). Considering that the 

pH of the samples was within that range, it was not required to adjust the pH of the 

sample solutions. 

 

3.4. Analytical parameters 

Firstly, the potential matrix effect was studied for the analysis of water and fruit juice 

samples (spiked with 10 μg L−1 of each pesticide). For water samples, no matrix effect 

was observed. However, the analysis of non-diluted fruit juices resulted in the 

appearance of matrix effect. Hence, a dilution of the juices was carried out, observing 

that a 3+7 dilution with deionized water eliminated the matrix effect. The comparison 
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between a mixture of pesticides prepared in solvent and orange juice (dilution 3+7 with 

H2O) is shown in Figure 3.1.2.5. In this case, there was no matrix effect. 

 

Figure 3.1.2.5. HPLC chromatogram for a mixture of pesticides (same numbering than Table 

3.1.2.2): (A) solvent; (B) orange juice (dilution 3+7 with H2O). No matrix effect was observed. 

 

Under the optimized conditions, the analytical parameters of the proposed method 

were determined. Linear range, detection and quantification limits, repeatability (n=5) 

and intermediate precision (n=3; three consecutive days) are summarized in Table 

3.1.2.2. 

 

Table 3.1.2.2. Analytical parameters. 

Number 
of the 
peak 

Analyte tR 
Linear range 

(mg L-1) 
Linear curve R2 

RSDa (%) 
MDL 

(µg L-1) 
Water 

MDL 
(µg L-1) 
Juice 

Repeata
bilityb 

Intermedi
ate 

precisionc 

1 Nitenpyram 2.3214 0.06-50 5.9751X + 0.7185 0.9997 1.8 2.6 0.18 0.60 

2 Thiamethoxam 3.2348 0.04-50 5.0142X + 0.8171 0.9994 1.6 2.3 0.12 0.39 
3 Chlothianidin 3.9919 0.05-50 2.7712X + 0.5041 0.9994 1.2 1.5 0.17 0.58 
4 Imidacloprid 4.3873 0.06-50 1.9178 X + 0.3230 0.9994 2.3 2.8 0.18 0.60 

5 Acetamiprid 4.8894 0.05-50 3.6520X + 0.6211 0.9995 1.9 2.6 0.17 0.57 
6 Rimsulfuron 5.5986 0.05-50 6.8299X + 0.4959 0.9995 3.8 4.5 0.16 0.54 

7 Triasulfuron 8.0926 0.04-50 8.9790X + 1.2132 0.9994 3.5 4.1 0.13 0.42 

8 Trifluxysulfuron 9.1169 0.02-50 0.9878 X + 0.1019 0.9996 1.7 2.1 0.07 0.21 

9 
Bensulfuron 

methyl 
10.0651 0.05-50 7.5100X + 1.0372 0.9994 2.1 2.7 0.17 0.58 

a precision expressed as relative standard deviation. b intraday (n=5). c interdays (n=6; two days).  
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It is worth mentioning that method detection limits (MDLs) are reported, including the 

whole analytical procedure. Hence, MDLs, are different for water samples (no dilution) 

and fruit juices (3+7 dilution). Calibration curves with correlation coefficients R2 > 0.99 

were obtained for all the analytes, using twelve different concentrations and three 

replicates each; peak area was used as analytical signal. 

 

3.5. Applications 

Under the optimum conditions previously described, the suitability of the proposed 

sorbent and HPLC method was tested. With this purpose, four water samples and four 

fruit juices were analyzed. As the levels of the target analytes were below the MDLs in 

all cases, recovery experiments were carried out. Hence, samples were spiked with all 

the pesticides at different concentrations levels, and extraction and analysis were 

carried out. As previously mentioned, a simple dilution of the juices eliminated the 

matrix effect. Therefore, external standard calibration was used in all cases. Recoveries 

ranging between 78 and 95 % were observed, with RSD lower than 5 % (n=3). All the 

results are shown in Tables 3.1.2.3 and 3.1.2.4. 

 

Table 3.1.2.3. Recovery studies in water samples. 

Pesticide 

Recoveries ± RSD (%) 

Tap water 1 Spiked level 

(µg L-1) 

Tap water 2 Spiked level 

(µg L-1) 

Well water Spiked level 

(µg L-1) 

River water Spiked level 

(µg L-1) 

0.75 2 5 0.75 1 4 0.75 2 5 0.75 1 4 

Nitenpyram 91 ± 2  90 ± 2 89 ± 2 91 ± 2 90 ± 2 88 ± 2 91 ± 2 90 ± 2 88 ± 2 91 ± 2 89 ± 2 88 ± 2 

Thiamethoxam 90 ± 2 87 ± 2 87 ± 2 90 ± 1 88 ± 2 87 ± 2 90 ± 1 87 ± 2 86 ± 2 90 ± 2 87 ± 2 88 ± 2 

Chlothianidin 92 ± 1 90 ± 1 92 ± 1 91 ± 1 91 ± 2 89 ± 1 92 ± 2 91 ± 2 90 ± 1 92 ± 1 90 ± 2 91 ± 2 

Imidacloprid 93 ± 3 92 ± 3 88 ± 3 93 ± 2 92 ± 3 88 ± 3 93 ± 3 91 ± 3 88 ± 3 93 ± 3 93 ± 3 89 ± 3 

Acetamiprid 88 ± 3 84 ± 2 84 ± 3 88 ± 3 84 ± 2 85 ± 3 87 ± 2 85 ± 2 84 ± 3 88 ± 3 85 ± 2 83 ± 3 

Rimsulfuron 85 ± 4 79 ± 4 79 ± 3 86 ± 4 79 ± 4 80 ± 4 85 ± 4 79 ± 4 79 ± 4 86 ± 4 79 ± 4 80 ± 4 

Triasulfuron 84 ± 4 78 ± 4 79 ± 4 84 ± 4 78 ± 4 78 ± 4 84 ± 4 78 ± 4 79 ± 4 86 ± 4 80 ± 4 79 ± 4 

Trifluxysulfuron 94 ± 2 91 ± 2 91 ± 2 94 ± 2 92 ± 2 91 ± 2 94 ± 2 92 ± 2 91 ± 2 94 ± 2 91 ± 2 91 ± 2 

Bensulfuron 

methyl 
83 ± 2 80 ± 2 79 ± 2 83 ± 2 79 ± 2 80 ± 2 84 ± 2 80 ± 2 81 ± 2 83 ± 2 79 ± 2 80 ± 2 
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Table 3.1.2.4. Recovery studies in fruit samples. 

Pesticide 

Recoveries ± RSD (%) 

Apple juice Spiked level 

(µg L-1) 

Pear juice Spiked level 

(µg L-1) 

Orange juice Spiked level 

(µg L-1) 

Pineapple juice Spiked 

level (µg L-1) 

1.75 5.0 11.5 2.5 9.5 12.0 2.5 5.0 11.5 1.75 4.5 9.5 

Nitenpyram 91 ± 3 88 ± 3 89 ± 3 92 ± 3 88 ± 3 88 ± 3 91 ± 3 88 ± 3 89 ± 3 92 ± 3 89 ± 3 87 ± 3 

Thiamethoxam 90 ± 2 88 ± 2 86 ± 2 89 ± 2 85 ± 2 86 ± 2 89 ± 3 86 ± 3 84 ± 2 90 ± 2 88 ± 2 86 ± 2 

Chlothianidin 91 ± 1 92 ± 2 89 ± 2 92 ± 2 89 ± 2 91 ± 2 92 ± 2 89 ± 2 91 ± 2 92 ± 2 91 ± 2 89 ± 2 

Imidacloprid 93 ± 3 89 ± 3 88 ± 3 93 ± 3 89 ± 3 88 ± 3 93 ± 3 89 ± 3 89 ± 3 95 ± 3 91 ± 3 90 ± 3 

Acetamiprid 89 ± 3 85 ± 2 85 ± 3 90 ± 3 88 ± 2 85 ± 3 90 ± 2 88 ± 3 85 ± 3 92 ± 2 88 ± 2 87 ± 3 

Rimsulfuron 86 ± 4 78 ± 4 78 ± 4 86 ± 5 79 ± 4 78 ± 4 86 ± 4 78 ± 4 78 ± 4 86 ± 4 78 ± 4 78 ± 4 

Triasulfuron 85 ± 4 78 ± 4 78 ± 4 85 ± 4 78 ± 4 78 ± 4 86 ± 4 79 ± 4 78 ± 4 86 ± 4 79 ± 4 78 ± 4 

Trifluxysulfuron 95 ± 2 91 ± 2 92 ± 2 94 ± 2 91 ± 2 90 ± 2 94 ± 2 90 ± 2 91 ± 2 95 ± 2 92 ± 2 91 ± 2 

Bensulfuron 

methyl 
86 ± 2 84 ± 3 81 ± 3 88 ± 3 87 ± 3 83 ± 2 86 ± 3 84 ± 3 81 ± 3 87 ± 3 86 ± 3 83 ± 3 

 

The recoveries for a given pesticide were similar no matter the sample analyzed. 

As a result, a correction factor is proposed to correct the obtained values after HPLC 

analysis. For each pesticide, this factor is defined as 100 divided by the average of the 

recoveries. Taking into account that similar recoveries were obtained for several 

pesticides, two different factors are proposed: 

• Nitenpyram, thiametoxam, clothianidin, imidacloprid, acetamiprid, and 

trifluxisulfuron: f1=1.12 ± 0.03 

• Rimsulfuron, triasulfuron, and bensulfuron methyl: f2=1.23 ± 0.02 

Using the proposed factors to correct the experimental concentration (Cx), real pesticide 

levels would be: Creal=fx Cx. This correction is possible because recovery values are 

constant independently of the analyzed matrix. 

 

4. Conclusions 

The synthesis of several novel MNPs has been reported, aiming to obtain new sorbents 

for the magnetic-SPE of pesticides in the agroalimentary field. The primary objective of 

this study was the synthesis of novel magnetic nanocomposites using scCO2 as the 

reaction medium. However, these sorbents provided good extraction yields for 

sulfonylureas, but not for neonicotinoids. It was observed that similar sorbents 

synthesized by conventional processes provided satisfactory yields for neonicotinoids, 
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but not for sulfonylureas. Therefore, a mixture of both sorbents was tested, observing 

not only that both families of compounds could be extracted but also that the extraction 

yields were enhanced for both pesticides families. Also, these optimum MNPs could be 

reused for at least ten times, which makes the proposed methodology an 

environmentally- friendly strategy for the rapid and straightforward analysis of 

pesticides. Hence, the use of novel MNPs for the analysis of contaminants in agro-food 

samples remains an interesting alternative to more conventional analytical methods. 
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3.2. USE OF METALLIC HYBRID NANOMATERIALS TO IMPROVE 

ELECTROCHEMICAL AND RAMAN DETECTIONS IN FOOD AND 

BEVERAGES 

 

“Sorprendernos por algo es el primer paso de la mente hacia el descubrimiento”. 

Louis Pasteur. 

 

s mentioned in the previous section, NPs can be used for purposes such as the 

treatment of samples or even for the instrumental separation of analytes. In 

addition, they are widely used for detection in both environmental samples 

and food samples. 

Detection is another step in the analytical process in which NPs offer many benefits due 

to their exceptional properties. It is the step in which NPs have been used more widely 

thanks to their ability to replace conventional materials, as well as the advantages of 

electrochemical biosensors. 

The most commonly used NPs in the field of analytical chemistry are (i) SiO2NPs, (ii) 

carbon nanoparticles (mainly CNTs and graphene), (iii) organic polymer nanoparticles 

(eg, MIPs), (iv) metallic nanoparticles (QDs and AuNPs) or (v) supramolecular aggregates 

such as nanomicelles or nanovesicles. 

AuNPs have been widely used by virtue of their optical properties, high surface area and 

adsorption capacity. Due to their surface plasmon resonance, they are one of the most 

potential nanomaterials used to increase the sensitivity of detection of several analytes. 

Carbon nanotubes-based sensors for chemical and biological detection have been 

developed due to their outstanding features, such as high mechanical strength, high 

surface area, excellent electrical and thermal conductivities, and high chemical stability. 

They can be used to detect changes in their electronic properties resulting from the 

sorption of molecules on their surface. These nanomaterials are challenging to quantify 

A 
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using traditional techniques such as mass spectrometry because of their heterogeneity 

in diameter, length, surface functionality, and, for SWCNTs, chirality [1]. 

The combination of carbon nanotubes with AuNPs is the type of NPs most widely used 

for the develop of electrochemical (bio)sensors [2]. Some nano-scale materials exhibited 

remarkable electron transport properties, which are strongly depend on their 

nanocrystalline structure. Particularly, nanomaterials with different shapes and sizes 

have different electrical conductance [3].The electronic properties of CNTs encourage 

their use as electrodes to mediate electron-transfer reactions with electroactive species 

in solution. Combining gold nanoparticles and carbon nanotubes was found to enhance 

some electrocatalytic properties of electrodes [4,5]. 

Graphene has received increasing attention due to its unique physicochemical 

properties such as high surface area, excellent conductivity, high mechanical strength, 

and ease of functionalization and mass production, which has extraordinary electronic 

transport properties and high electrocatalytic activities. Thus, it is regarded to be an 

ideal material for construction of sensitive sensors [6,7]. 

This section describes three works carried by using NMs as analytical tools in the 

detection process in order to detect analytes of interest. 

• The first one is based on the decoration of multi-walled carbon nanotubes with 

metal NPs in supercritical carbon dioxide as a novel approach for the 

modification of screen-printed electrodes. 

• The second one described the nanostructured hybrid surface enhancement 

Raman scattering substrate for the rapid determination of sulfapyridine in milk 

samples. 

• The last one is focused on the sustainable synthesis and supercritical fluid 

reduction of copper selenide graphene oxide used for a rapid surface-enhanced 

Raman spectroscopy determination of Rhodamine B in chili powder. 
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ABSTRACT 

A supercritical carbon dioxide medium was used for the decoration of functionalized 

multi-walled carbon nanotubes (MWCNTs) with metallic nanoparticles. This procedure 

allowed the rapid and simple decoration of carbon nanotubes with the selected metallic 

nanoparticles. The prepared nanomaterials were used to modify screen-printed 

electrodes, improving their electrochemical properties and allowing to obtain a wide 

range of working electrodes based on carbon nanotubes. These electrodes were applied 

to the amperometric determination of vitamin B6 in food and pharmaceutical samples 

as an example of the analytical potentiality of the electrodes thus prepared. Using Ru-

nanoparticles-MWCNTs as the working electrode, a linear dynamic range between 

2.6×10−6 and 2×10−4 mol L−1 and a limit of detection of 0.8×10−6 mol L−1 were obtained. 

These parameters represented a minimum 3-fold increase in sensitivity compared to the 

use of bare MWCNTs or other carbon-based working electrodes. 

Keywords: 

Carbon nanotubes decoration, metal nanoparticles, supercritical carbon dioxide, screen-

printed electrodes, analytical applications.  
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1. Introduction 

In the last decades there is a growing interest in the preparation and application of 

nanometer-size materials, as they can exhibit new properties, making them suitable for 

their application in a wide range of fields. Among these nanomaterials, carbon 

nanotubes (CNTs) have attracted considerable interest since their discovery, due to their 

intrinsic favorable properties, such as their high mechanical strength, electrical and 

thermal conductivity, high chemical stability, and large surface area to volume ratio 

[1,2]. All these properties make them suitable for many different applications, including 

catalytic processes, sample treatment or electrochemical analysis. However, although 

the use of unmodified CNTs has been commonly reported for sample treatment [3-5], 

the most common approach consists in the modification of CNTs to improve their 

properties. For instance, CNTs have been used as new supports for metal catalysts [1] 

and for the fabrication of electrochemical sensors after a proper functionalization 

and/or modification of the CNTs [2]. A very active area in analytical chemistry is the 

synthesis and application of metallic nanoparticles (MNPs), presenting a bright future in 

diverse fields [6]. Therefore, the combination of CNTs and MNPs is currently an 

important area of research. 

Some of the most important applications of carbon-based nanomaterials are found in 

electroanalysis [7-9], for the development of (bio) chemical sensors, miniaturized 

devices, microchips, etc. One of the main advantages of the use of CNTs is the possibility 

to modify them depending on the required application. As a result, their decoration with 

different organic compounds or with MNPs has been described in electrochemical 

analysis [10-13]. Although the electrochemical response of CNTs decorated with MNPs 

generally improves, the preparation of MNPs-CNTs usually involves tedious and time-

consuming treatments [14-16]; hence, new alternatives are constantly being 

investigated. A less conventional process for the incorporation of MNPs in CNTs is the 

use of supercritical carbon dioxide (scCO2) as reaction medium. The use of supercritical 

fluids presents several advantages for the synthesis and processing of nanomaterials, 

due to their unusual properties of low viscosity, high diffusivity, near-zero surface 

tension, and tunability [17]. The most widely used supercritical fluid is scCO2, which is 

cheap, non-toxic, non-flammable, abundant, and whose critical parameters are simple 

to be obtained in commercial apparatus [17,18]. The decoration of CNTs with metals in 
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scCO2 has been already proposed with catalytic applications [1,16,19]. However, to our 

best knowledge, this strategy has not been used for the development of electrochemical 

methods of analysis.The aim of this work was to obtain new nanomaterials with 

favorable characteristics for their use in electrochemical analysis, using an approach 

compatible with the green chemistry principles. Hence, the decoration of multi-walled 

carbon nanotubes (MWCNTs) with MNPs was carried out in scCO2. The synthesized 

nanomaterials were used to modify the commercially available screen-printed carbon 

electrodes (SPCEs). After the characterization and testing their electrochemical 

responses, the results were compared to non-modified SPEs of different nature using 

vitamin B6 as a model analyte. 

 

2. Experimental 

2.1. Instruments and apparatus 

TEM images were obtained with Jeol JEM 2011 operating at 200 kV and equipped with 

an Orius Digital Camera (2 × 2 MPi) from Gatan. The samples were prepared by 

deposition of a drop of the synthesized material suspension onto a lacey carbon/format-

coated copper grid. The digital analysis of the HRTEM micrographs was done using 

Digital Micrograph TM 1.80.70 for GMS 1.8.0 Gatan. 

All electrochemical experiments were performed with a CHI812D Electrochemical 

analyzer from CH Instruments (Austin, Texas, USA) controlled with a computer. All 

measurements were carried out using a three-electrodes configuration, using screen 

printed electrodes from Dropsens (Oviedo, Spain). The working electrodes (4 mm 

diameter) were carbon (DRP-110), MWCNTs (DRP-110CNT), single-walled carbon 

nanotubes (DRP-110SWCNT), gold (DRP-C110GNP) and nanofibers (DRP-C110CNF). All 

of them were printed with a carbon counter electrode and a silver pseudo-reference 

electrode. For the preparation of the modified electrodes with the decorated MWCNTs, 

the DRP-110 electrodes were used. 

An ultrasound bath (Selecta, Barcelona, Spain), a Z 233 MK-2 centrifuge (Hermle 

LaborTechnik GmbH, Wehingen, Germany) and a Basic 20 pH-meter (Crison Instruments 

S.A., Alella, Spain) were also used. 
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2.2. Reagents and solutions 

All aqueous solutions were prepared using 18.2 MΩ cm water purified with a Milli-Q 

system (Millipore, Bedford, MA, USA) and analytical grade reagents. Vitamin B6 (≥98 %), 

riboflavin (≥98 %), thiamine hydrochloride (≥99 %), biotin (≥99 %), D-pantothenic acid 

hemicalcium salt (≥98 %), L-carnitine hydrochloride (≥98 %), caffeine (≥99 %), nafion® 

117 solution (5 % in a mixture of lower aliphatic alcohols and water), palladium(II) 

hexafluoroacetylacetonate (≥98 %), ruthenium(III) acetylacetonate (≥97 %) and iron(III) 

acetylacetonate (≥97 %) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Lascorbic acid (≥99.7 %), sulfuric acid (H2SO4; ≥96 %), saccharose, glucose, and lactose 

were obtained from Panreac (Barcelona, Spain). Nitric acid (HNO3; ≥69 %) was supplied 

by labkem (Mataró, Barcelona, Spain). MWCNTs (30 ± 15 nm diameter; 1-5 μm length) 

with 95 % purity were obtained from NanoLab (Brighton, MA). Vitamin B6 stock 

standard solution of 0.005 mol L−1 was prepared in deionized water and was kept in the 

refrigerator protected from light. 

 

2.3. Sample preparation 

The following commercial samples were purchased at local markets and pharmacies: (a) 

Be-total tablets (Johnson & Johnson); (b) Benadon ampoules (Bayer); (c) Supradyn 

effervescent tablets (Bayer); (d) Greens tablets (nu-source); (e) energy drink 

(Hacendado); (f) energy drink (Red Bull). 

Energy drinks: they were degassed in an ultrasonic bath for 10 min prior to analysis, but 

no further pre-treatment was required. 

Tablets: to minimize possible variations in their composition, three tablets were crushed 

in a mortar and they were homogenized. Then, a suitable amount was dissolved in 

deionized water; the solution was sonicated for 15 min and filtered. 

Ampoules: a suitable volume was diluted to 50 mL in a volumetric flask with 0.05 mol 

L−1 HNO3. 

Suitable dilutions were made before measurements to obtain solutions in 0.05 mol L−1 

HNO3 with a vitamin B6 concentration within the calibration range. 
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2.4. Functionalization and decoration of MWCNTs 

First, the MWCNTs were functionalized to improve the decoration with MNPs. 0.5 g of 

MWCNTs were dispersed in 40 mL of a H2SO4- HNO3 mixture (1:1, v: v) and refluxed for 

6 h. The mixture was diluted with deionized water, stirred and centrifuged at 10,000g 

for 10 min. The supernatant was discarded, and deionized water was added to the 

remaining solid; the mixture was stirred and centrifuged again. The process was 

repeated until the pH of the supernatant was above three. The solid (functionalized 

MWCNTs) was recovered and dried under vacuum at 60 °C. 

The decoration of the MWCNTs with nanoparticles was adapted from [16]. The scheme 

of the apparatus used is shown in the Supplementary Material. For each reaction, 10 mg 

of functionalized MWCNTs was mixed with 10-50 mg of metal precursor(s) and they 

were loaded in a high-pressure stainless-steel reactor. All the steps involved in each 

reaction, along with the whole procedure of the valves, is depicted in the Supplementary 

Material. The main steps were: (a) H2 loading; (b) mixing of H2 and CO2 in the mixer; (c) 

loading of H2-CO2 in the reactor; (d) decoration of MWCNTs in the reactor; (e) evacuation 

of H2-CO2 from the system. The conditions of temperature and pressure for each 

reaction are reported in the “Results and discussion” section. 

 

2.5. Preparation of modified-SPCEs 

Decorated MWCNTs were dispersed in water (0.5 % Nafion, v:v) by ultrasonication, 

obtaining individual concentrations of 1 mg mL−1. Films formed from Nafion-solubilized 

MWCNTs are more uniform and stable than those casted from organic solvents [20]. 

MWCNTs decorated with Pd, Fe, Ru, Fe-Pd, Fe-Ru and Pd-Ru were used. 

DRP-110 SPCEs (Dropsens), with a working electrode of carbon, were used to prepare 

the modified-SPCEs. Each modified electrode was prepared by casting 6 μL of the 

dispersed MWCNTs onto the surface of the electrode. After drying under infrared light 

for 15 min, it was rinsed with water and ready to use. 

 

3. Results and discussion 

3.1. Decoration of MWCNTs in sc-CO2 

The decoration of MWCNTs was carried out using the experimental setup shown in the 

Supplementary Material. In all cases, 10 mg of functionalized MWCNTs were mixed with 
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10-50 mg of precursor and the reaction was performed; 20 mg of metal precursor was 

selected as the optimum amount. For the decoration with two different MNPs (Fe- Pd, 

Fe-Ru, Pd-Ru), 10 mg of each metal precursor was used. Hydrogen and CO2 pressures 

were 3.0×105 Pa and 8×106 Pa, respectively. Higher CO2 pressures were tested, but no 

significant differences were observed. Reactions times between 5 and 15 min were 

checked, observing that for 5 min not all the reactions were complete, whereas times 

longer than 10 min were not required; hence 10 min were used in all the reactions. The 

temperature was optimized between 120 and 250 °C for the different precursors, 

selecting optimum temperatures of 120 °C for Pd and 250 °C for all the other 

decorations. TEM images obtained for the decoration of MWCNTs with Ru nanoparticles 

(later selected as the optimum nanomaterial) are shown in Figure 3.2.1.1. It can be 

observed that for temperatures lower than 200 °C, the decoration was not 

homogeneous, and the accumulation of agglomerates was observed in some parts of 

the MWCNTs. For 200 and 250 °C, the decoration improved, although the best results 

were observed at 250 °C, obtaining the most homogenous decoration. In addition, 10 

min were required for the reaction, as the decoration did not improve using longer 

reaction times. Hence, 250 °C and 10 min were selected as optimum conditions for the 

decoration of the functionalized MWCNTs with Ru nanoparticles. 

 

Figure 3.2.1.1. TEM images of Ru-MWCNTs, decorated at different temperatures; reaction 

time: 10 min. 
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3.2. Selection of MNPs-MWCNTs for vitamin B6 determination 

Vitamin B6 was selected as model analyte for testing the electrochemical response of 

the electrodes modified with the decorated MWCNTs. The analytical signal (oxidation 

current of vitamin B6) obtained using commercial and modified SPEs was recorded using 

linear sweep voltammetry, and the results are shown in Figure 3.2.1.2. 

 

 

Figure 3.2.1.2. Comparison of the analytical signal obtained with the different electrodes tested; 

1×10−4 mol L−1 vitamin B6 in 0.1 mol L−1 HNO3. 

 

Figure 3.2.1.3. Cyclic voltammogram of 2×10−4 mol L−1 vitamin B6 in Ru-MWCNTs working 

electrode; 0.05 mol L−1 HNO3 as supporting electrolyte. 
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An increase in the analytical signal can be observed for all the modified electrodes (same 

instrumental and chemical conditions in all cases), except for the mixture of Pd and Ru. 

The best signal was achieved using Ru-MWCNTs. Therefore, this modified electrode was 

selected for further experiments. It can be observed that a minimum of 3-fold increase 

was obtained with the Ru-MWCNTs compared to the commercial SPEs. A cyclic 

voltammogram in the selected working electrode is shown in Figure 3.2.1.3. 

 

3.3. Selection of the supporting electrolyte 

The influence of the supporting electrolyte was studied using 1×10−4 mol L−1 of vitamin 

B6. The following supporting electrolytes were tested (0.1 mol L−1 each): HCl, H2SO4, 

HNO3, H3PO4, CH3COOH, citrate buffer (pH 3.0-5.0), acetate buffer (pH 4.5-5.5), 

phosphate buffer (pH 6.0-11.0), NaOH. The results obtained for the different 

electrolytes (not all the pHs tested for each buffer are shown) are depicted in Figure 

3.2.1.4. 

It can be observed that the best analytical signal was obtained at acidic pH, selecting 

HNO3 as the best medium to carry out the experiments. The concentration of HNO3 was 

studied between 0.01 and 0.15 mol L−1. It was observed that the analytical signal 

increased up to a 0.05 mol L−1 concentration and then slightly decreased. Hence, 0.05 

mol L−1 HNO3 was selected as the supporting electrolyte. 

 

Figure 3.2.1.4. Analytical signals obtained for different supporting electrolytes; 1×10−4 mol L−1 

vitamin B6; 0.1 mol L−1 electrolyte concentration. 
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3.4. Analytical applications 

Using the previously optimized conditions, the analytical parameters of the system were 

examined by linear sweep voltammetry, using a scan rate of 0.05 V s−1. Voltammograms 

obtained for different concentration of vitamin B6 under the optimum conditions are 

shown in Figure 3.2.1.5. Data were fitted by standard least-squares calibration. The 

detection and quantification limits were calculated following the 3σ and 10σ criterion. 

A detection limit of 0.8×10−6 mol L−1 was obtained, and the repeatability was lower than 

5 % for 10 consecutive measurements. The parameters are detailed in Table 3.2.1.1. 

 

Figure 3.2.1.5. Linear sweep voltammograms of vitamin B6 in 0.05 mol L−1 HNO3; concentrations 

of 0.8×10−6, 2.5×10−6, 5×10−6, 1.5×10−5, 3×10−5, 6×10−5, 1×10−4, 1.5×10−4, 2×10−4 mol L−1 vitamin 

B6. 

The effect of potential interferences in the analytical signal of vitamin B6 was carried 

out for some common compounds in the samples to be analyzed, such as excipients and 

other vitamins. This study was carried out with a solution of 5×10-5 mol L−1 of vitamin B6 

prepared in 0.05 mol L−1 HNO3. A compound was considered to interfere if a variation of 

more than 5 % was observed in the analytical signal. All the results are shown in Table 
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3.2.1.2. It can be observed that no interferences were observed at the tested 

interferent/analyte ratios. 

 

Table 3.2.1.1. Analytical parameters. 

Parameter Purity (%) 

Linear dynamic range / mol L-1 2.6 x 10-6 - 2 x 10 -4 

Calibration graph 

Intercept 

Slope / L mol-1 

Correlation coefficient  

 

8 x 10-7 

0.5644 

0.9986 

Detection limit / mol L-1 0.8 x 10-6 

Quantification limit / mol L-1 2.6 x 10-6 

RSD (%) (n=10) a 4.5 

a 1.5 x 10-5 mol L-1 vitamin B6. 

 

Table 3.2.1.2. Effect of foreign species. 

Foreign species Tolerated interferent/analyte (w/w) ratioa 

Glucose, lactose, saccharose > 20b 

Ascorbic acid, biotin, calcium 

pantothenate, L-carnitine, 

riboflavin, thiamine 

> 5b 

a 1.5 x 10-5 mol L-1 vitamin B6 concentration. b Maximum ratio tested. 

 

This method was applied to the determination of vitamin B6 in pharmaceutical 

preparations, food supplements and energy drinks. A matrix effect was observed when 

analyzing some of the samples. Hence, the standard addition methodology was used for 

all the samples. The results obtained for vitamin B6 in the analyzed samples were 

compared with the values reported by the manufacturers, observing similar values in all 

cases. In addition, recovery experiments were carried out at three different 

concentrations in each sample. Recoveries ranging between 92 % and 107 % were 

observed, confirming the accuracy of the proposed method. All the results are shown in 

Table 3.2.1.3. 
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Table 3.2.1.3. Applications and recovery study. 

 Vitamin B6 

Sample Addedg Found (n=3) Recovery (%) 

Be-Totala 

- 

2 

3 

6 

2.9 ± 0.2 

2.0 ± 0.1 

3.1 ± 0.2 

5.8 ± 0.3 

96.7 

100.0 

103.3 

96.6 

Benadonb 

- 

100 

200 

300 

302 ± 7 

102 ± 2 

198 ± 3 

300 ± 7 

100.7 

102.0 

99.0 

100.0 

Supradync 

- 

1 

2 

3 

1.43 ± 0.07 

0.93 ± 0.05 

2.14 ± 0.08 

3.1 ± 0.1 

102.1 

92.5 

107.0 

103.3 

Greensd 

- 

25 

50 

75 

46 ± 2 

24 ± 1 

52 ± 2 

73 ± 2 

92.0 

96.0 

104.0 

97.3 

Drink-1e 

- 

2.0 

3.0 

5.0 

2.0 ± 0.1 

2.1 ± 0.1 

3.1 ± 0.1 

4.8 ± 0.2 

100.0 

105.0 

103.3 

96.0 

Drink-2f 

- 

1.5 

3.5 

5.0 

1.9 ± 0.1 

1.59 ± 0.06 

3.5 ± 0.1 

5.2 ± 0.2 

95.0 

106.0 

100.0 

104.0 

a 3 mg per tablet. b 300 mg per ampoule. c 1.4 mg per tablet. d 50 mg per tablet. e 2 mg per 100 mL. f 2 mg per 100 mL. 

g Expressed in mg vitamin B6 per tablet/ampoule or mg per 100 mL of drink. 

 

4. Conclusions 

The decoration of MWCNTs with metal nanoparticles has been carried out in scCO2, and 

the obtained nanomaterials have been tested as novel working electrodes for the 

determination of vitamin B6. The use of the supercritical medium allows the simple and 

rapid decoration of MWCNTs, and represents a new approach for the preparation of 

nanomaterials for electrochemical analysis. The modified SPEs presented higher 

sensitivity than the commercial electrodes tested, therefore demonstrating the 

suitability of the proposed approach to improve the sensitivity of the working electrodes 

in SPEs. 
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SUPPLEMENTARY INFORMATION 

The scheme of the apparatus used for the decoration of the MWCNTs with nanoparticles 

are shown in Figure 3.2.1.S1. The main steps were: a) H2 loading; b) mixing of H2 and 

CO2 in the mixer; c) loading of H2-CO2 in the reactor; d) decoration of MWCNTs in the 

reactor; e) evacuation of H2-CO2 from the system. 

 

 

Figure 3.2.1.S1. Experimental setup and procedure for MWCNTs decoration. 
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ABSTRACT 

The fabrication of surface-enhanced Raman spectroscopy (SERS) substrates, which can 

offer the advantages of strong Raman signal enhancement with good reproducibility, is 

still a challenge for practical applications. In this work, a simple and reproducible SERS 

substrate combining the properties of multi-walled carbon nanotubes (MWCNTs) and 

gold nanoparticles (AuNPs), is proposed for the determination and quantification of 

sulfapyridine in milk samples with a concentration range of 10-100 ng mL-1. The Raman 

signals of sulfapyridine is enhanced at factor of 4394. The procedure presented is 

capable of detecting and quantifying small quantities of sulfapyridine without implying 

any preconcentration step, just using an affordable and portable Raman spectrometer. 

The precision, in terms of repeatability and inter and intermediate precision, was lower 

than 8 % in all cases. 

 

Keywords 

Multi-walled carbon nanotubes (MWCNTs), Gold nanoparticles, Surface-enhanced 

Raman spectroscopy, Sulfapyridine, Milk samples.  
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1. Introduction 

The use of nanomaterials in different fields is growing exponentially in recent years. 

Within the framework of Analytical Chemistry, this allows the development of new 

analysis strategies, or improvement of those that exist for the analytical control of 

compounds of food, clinical, environmental or toxicological interest. This requires the 

need to develop analytical methods at the nanoscale for their characterization and 

determination, as well as their use as an analytical tool and/or as an object of analysis. 

Nanoparticles provide a good platform for SERS substrates because they exhibit a 

localized surface plasmon resonance (LSPR) [1]. The most common elements used for 

SERS applications are gold, silver and copper due to its large SERS enhancement and 

well-known fabrication methods [2]. The combination of carbon nanotubes (CNT) with 

gold nanostructures is of special interest because they combine the electromagnetic 

properties of gold nanoparticles with the physicochemical properties of CNTs [3], 

improving the optical and electrical properties of nanomaterials. One of the most 

common applications for gold nanostructures, is the formation of platform for SERS. This 

effect consists of an enhancement of the Raman scattering signal by orders of 

magnitude of molecules attached to the gold nanoparticles due to the LSPR. This effect 

has enormous attention in the last years because the possibilities of applications in 

bioanalytical, food and environmental fields [4-6]. 

Sulfapyridine, one of the most widely used sulfonamide antibiotic, has been largely 

employed as veterinary drugs for prophylactic or therapeutic purposes. Previous reports 

showed that sulfapyridine could be detected in animal-original foods such as milk [7–9], 

honey [10,11] and meat [12], among others. Food containing sulfapyridine residues can 

cause certain harm to human body and produce a series of side effects. To ensure food 

safety, the European Union (EU) set a maximum residue limits (MRL) of 100 ng g-1 for 

total sulfonamides content in foods of animal origin [13]. The presence of sulfonamides 

residues in milk is of great concern. For this reason, the determination of the contents 

of sulfonamides in milk samples is needed for misk safety and human health. Developing 

simple, portable, rapid, and sensitive methods to analyze and detect sulfapyridine is still 

a crucial issue for evaluating milk safety. The trace level detection of sulfapyridine has 

been reported using analytical and chemical methods, including, liquid chromatography 

using UV diode array [7], fluorescence [14], electrochemical detection [15] and mass 
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spectrometric detection [16]. There are several methods that have been applied in milk 

samples matrix, such as solid-phase extraction (SPE) [17], dispersive solid phase 

extraction (DSPE) [18], solid-phase micro-extraction (SPME) [19], matrix solid-phase 

dispersion (MSPD) [20], among others. However, these methods need preconcentration 

step and are time-consuming and reagent-wasting. They not only increase the 

experiment cost and sample consumption, but also cause the pollution to the 

environment. In recent years, SERS, a promising technology for rapid and accurate 

detection and determination of chemicals and biochemicals, has attracted much 

research interest in a wide range of areas [17,18]. With the aid of novel metal substrates, 

such as silver and gold-based nanosubstrates, Raman signals of an analyte can be 

enhanced tremendously, which makes it possible to detect trace amounts of a wide 

range of analytes with SERS technology [19]. Lai et al. [20] used as surface enhanced 

substrate to acquire SERS spectra of the tested sample of sulfonamides (sulfamerazine, 

sulfamethazine and sulfamethoxazole) using the commercial substrate (the KlariteTM 

(Renishaw Diagnostics Ltd, Glasgow, UK). Although this substrate reported to have 

substantially lower sensitivity than related biosensors, the applicability of this system in 

the analysis of real food samples has not been well demonstrated. 

The purpose of this article is to develop a quantitative method for the determination of 

sulfapyridine in milk samples, without any functionalization. This work was carried out 

by using multi-walled carbon nanotubes coated with gold nanoparticles as an effective 

SERS substrate. All samples were analyzed using a portable Raman spectrometer. Our 

results reveal that the MWCNTs-AuNPs nanocomposite increased the SERS signal, being 

a sensitive platform. The developed method has good reproducibility in a real samples 

application and high sensitivity, improving the reported limits of detection for this 

analyte in SERS [24]. 

 

2. Methods 

2.1 Chemicals, materials and reagents 

All aqueous solutions were prepared using 18.2 MΩ cm water purified with a Milli-Q 

system (Millipore, Bedford, MA, USA) and analytical grade reagents. Analytical grade 

standards of sulfapyridine (≥ 99.0 %), sodium citrate (≥ 99 %), gold (III) chloride (≥ 99.99 

%), sodium dodecyl sulfate (≥ 99 %), 2-propanol (99.8 %) and magnesium sulfate (MgSO4 
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≥ 99.5 %) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Stock standard 

solutions of 0.1 mg mL-1 of sulfapyridine were prepared in water with the minimum 

amount of acetonitrile and stored in at 4 °C. Nitric acid (69 %) was purchased from 

Labkem. Hydrochloric acid was obtained from Panreac (Barcelona, Spain). Multi-walled 

carbon nanotubes (30 ± 15 nm diameter; 1-5 µm length) with 95 % purity, were obtained 

from NanoLab (Brighton, MA, USA). 

 

2.2 Instrumentation 

Raman spectra were recorded using a portable Raman spectrometer system provided 

by B&W TEK i-Raman BWS415, with a wavelength of 785 nm and a maximum laser 

output power at 300 mW at the sample. For each measurement, a 135.68 mW µm2 

power density was used in all cases in order to avoid sample damage. During the 

measurements, the laser beam was focused to the sample through a 100 × /1.25 oil. 

Raman signals were acquired by a CCD array detector cooled to 10 °C. The Spectrometer 

data acquisition Software program used with this Raman is BWSpecTM 4 with a 

spectrometer interface: USB2.0. The exposure time was set to 10 s per scan, and each 

spectrum was the average of 3 scans for a total integration time of 30 s. A background 

scan with the same integration time was collected before each sample acquisition to 

remove dark noise. 

The ultraviolet-visible (UV-Vis) spectrum of gold nanoparticles was collected on a 

SECOMAN UVI light XS 2 spectrophotometer between 190 and 800 nm, equipped with 

a LabPower V3-50 for absorbance data acquisition. 

Transmission electron microscopy (TEM) analysis was carried out by Philips CM-200 

(Amsterdam, Netherland). 

An ultrasound bath (Selecta, Barcelona, Spain) and a microcentrifuge Biosan Microspin 

12 (LabNet Biotecnica S.L., Spain) were also used. 

 

2.3 Preparation of gold nanoparticles 

All the glasswares used in the procedures were soaked and cleaned in a bath of freshly 

prepared aqua regia (HNO3:HCl, 1:3 v/v), rinsed thoroughly in pure water, and dried in 

air prior to use. Citrate-capped gold nanoparticles with average size of 10.5 ± 1.19 nm, 

were synthesized based on a previous method [21], in which a 50 mL solution containing 
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1 mM of HAuCl4 was prepared and heated under reflux. At the boiling point, 5 mL of 35 

mM trisodium citrate was added to the solution under vigorous stirring and the mixture 

was heated under reflux for an additional 30 min. The color of the solution changed to 

deep red indicating the formation of gold nanoparticles. The solution was set aside to 

cool to room temperature and stored at 4 °C for further utilization. Figure 3.2.2.1b 

shows the size distributions and TEM image of the these prepared AuNPs. The particle 

concentration of AuNPs solutions was estimated to be 2.9 × 10-9 M according to Beer's 

law and the extinction coefficient (ε) of AuNPs at 520 nm, which is 2.78 × 108 M-1 cm-1. 

 

2.4 Sample treatment 

In this work, a modification of QuEChERS procedure [9] was carried out for the 

determination of sulfapyridine in milk samples as shown below: an aliquot of 1 mL of 

milk sample and 9 mL of acetonitrile were placed in a centrifuged tube. The mixture was 

shaking intensively by vortex for 2 min and then, it was centrifuged at 4000 rpm for 5 

min. After that, 0.15 g of MgSO4 were added in order to eliminate excess water and 

contaminants. This mixture was shaking by vortex 1 min and centrifuged at 4000 rpm 

for 5 min again. Finally, the sample was deposited on silicon/silicon oxide (Si/SiO2) plate 

to check the analytical usefulness of the proposed method. 

 

2.5 SERS substrate measurements 

For SERS measurements, the SERS-active hybrid substrate was prepared following this 

procedure: firstly, each drop was deposited on a Si/SiO2 substrate in a hot-plate, 

previously cleaned with a mixture of aqua regia and dried at room temperature. For the 

determination of sulfapyridine in bovine milk samples, the SERS-active hybrid substrate 

was prepared following this procedure: firstly, 10 drops of 0.05 mg mL-1 of MWCNTs 

were deposited (drop-wise) on a Si/SiO2 substrate, where each drop contained 10 µL. 

When all drops were completely evaporated, 20 µL of synthesized AuNPs (two drops of 

10 µL) were added on the substrate. Once the MWCNTs-AUNPs SERS substrate was 

prepared, 30 µL of sulfapyridine solution (three drops of 10 µL) were added to the 

substrate. The addition of each of them was always added in the center of the SERS 

substrate. The hot-plate was continuously heated at 50 °C for evaporating all the drops 

and the deposited analyte was analyzed using SERS detection by means of a portable 
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Raman spectrometer with a 785 nm diode laser. For each analyte concentration, three 

different substrates were prepared. Each measurement was obtained from 10 different 

randomly selected sites, obtaining a total of thirty SERS signals. The Raman shift 

intensities around 1316.7 cm−1, was selected as an analytical signal for sulfapyridine 

detection and, consequently, this band was chosen to perform the quantification of 

bovine milk samples. 

 

3. Results and discussion  

3.1. Characterization of gold nanoparticles 

Synthesized gold nanoparticles have been characterized by ultraviolet-visible 

spectroscopy (Figure 3.2.2.1a) and TEM in order to determine their size (Figure 

3.2.2.1b). TEM studies allowed the calculation of the nominal colloid size, which was 

10.5 ± 1.9 nm. AuNPs appear homogeneous in shape and size and of polygonal yet nearly 

spherical shape being well dispersed in solution. Moreover, AuNPs were characterized 

by ultraviolet-visible spectroscopy. The appearance of a band at 520 nm approximately 

and their solution color confirms the existence of them. Their average concentration 

was determined according to Lambert-Beer law [22] and the concentration of the stock 

solution was also determined from UV-Vis spectrum. The calculated concentration of 

AuNPs was 2.9 × 10-9 M. 

 

 

 

Figure 3.2.2.1. Absorption spectra of synthesized AuNPs (a), and TEM images and size 

distributions with average diameter of synthetized AuNPs (b). 
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3.2. Optimization of the preparation of SERS substrate for sulfapyridine 

measurements 

For best results of SERS, different variables were studied: the substrate selection, the 

volume of MWCNTs, AuNPs and sulfapyridine, deposition order and variables for SERS 

measurements. The first step was to select the substrate where the deposition took 

place. In our case, two types of substrates were tested: CaF2 and Si/SiO2. The latter was 

selected as the best substrate for the deposition. This structure has a strong peak at 520 

cm-1, which confirms that the equipment is perfectly calibrated. Moreover, the surface 

is smooth, and it hasn’t bands that can interfere with the samples studied in this work. 

The selected procedure involves the two-step drop-wise deposition of MWCNTs and, 

subsequently, AuNPs. Different volumes of MWCNTs between 50 and 200 µL of 

MWCNTs (0.05 mg mL-1) have been tested. As can be seen in Figure 3.2.2.2a, the signal 

of sulfapyridine increased as higher amounts of MWCNTs were deposited and no 

significant differences between 100, 150 and 200 µL were observed. For this reason, 100 

µL was selected as the optimum volume for all measurements. Then, the amount of 

AuNPs deposited over the MWCNTs substrate was optimized. Volumes from 10 to 50 μL 

of the prepared AuNPs solution were added drop-wise to the deposited MWCNTs, 

shown in Figure 3.2.2.2b. Measurements at each volume were performed by triplicate. 

Figure 3.2.2.2c shows the Raman intensity of the analyte at increasing volumes of 

AuNPs. The signal of sulfapyridine increased as higher amounts of AuNPs was increasing. 

Nevertheless, a high concentration of AuNPs produces a decrease in the Raman signal 

of MWCNTs due to the thickness of the AuNPs layer. For this reason, 20 μL of AuNPs was 

selected as the optimum volume in order to explode the synergy between MWCNTs and 

AuNPs, since the increase observed above 20 μL may be produced only to AuNPs effect. 

In addition, the deposition sequence of MWCNTs, AuNPs and the analyte was evaluated. 

Besides, the deposition order of AuNPs and MWCNTs was studied. The selected 

procedure involves the two-step drop-wise deposition. The best results were obtained 

when MWCNTs were placed bellow AuNPs, so this sequence was selected for further 

measurements and, finally, the addition of the analyte. In a second approach, the 

analyte is placed on the previously deposited MWCNTs surface while AuNPs are added 

on the top of the analyte. 

 



169        Use of metallic hybrid nanomaterials to improve electrochemical and Raman detections in 
food and beverages 

 

 

Figure 3.2.2.2. Raman intensity of MWCNTs (a), AuNPs (b) and sulfapyridine (c) volume of the 

hybrid nanocomposite for SERS substrate. 

 

Finally, the instrumental variables have been also optimized. The first parameter was 

the influence of laser power in the spectra. A power density of 135.68 mW µm2 power 

density was used in all cases in order to avoid sample damage with a laser wavelength 

of 785 nm. Moreover, spectra were recorded with an acquisition time from 0.5 to 15 s 

range. 10 s was chosen as the optimum acquisition time of spectrum measurement. 

When the measure is finished, the Si/SiO2 substrate was cleaned by using an aqua regia 

mixture several times in order to prepare the substrate for another measurement. 

 

3.3. SERS spectrum of MWCNTs-AuNPs hybrid substrate 

Firstly, the SERS effect of AuNPs over the MWCNTs has been investigated. When 

MWCNTs are in contact with metallic nanoparticles, two effects might contribute to the 

enhancement of their Raman signal.On the one hand, the oscillation of electrons in 

metallic nanoparticles leads to the so-called plasmon resonance. SPR is a physical 

process that can occur due to the resonant oscillation of conduction electrons at the 

interface between two materials when polarized light is irradiated. This plasmon can 

resonate with the energy of the excitation laser, exhibiting a high local optical field 

(electromagnetic field enhancement). On the other hand, the electronic interaction 
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between carbon nanotubes and metal nanostructures can result in an increased Raman 

signal (chemical enhancement) [23]. In the 1000 to 1700 cm-1 range, all carbon forms 

contribute to the Raman spectra [24]. G-band (at 1582 cm-1), reveals information about 

the semiconductor or metallic character of the nanotubes. Radial breathing mode (RBM) 

shows information about the chirality and diameter (typical of single-walled carbon 

nanotubes at 200 cm-1). With D-band (Disorder induced) and G´ (D overtone) band (1300 

cm-1 and 2650 cm-1, respectively), information about structure of the valence and 

conduction band of the carbon nanotubes is extracted [25]. Figure 3.2.2.3 shows the 

SERS spectra of MWCNTs obtained when AuNPs are deposited on their surface 

compared with the Raman spectra of MWCNTs on a Si/SiO2 substrate without metallic 

nanoparticles. An increase in the D, G and G′ bands of MWCNTs can be observed. A 7-

fold enhancement of the Raman signal was achieved by comparing the intensity of the 

D and G bands. As can be seen in Figure 3.2.2.3, D band of MWCNTs appears at 1305.5 

cm−1 and G band appears at 1593.3 cm−1. 

 

 

Figure 3.2.2.3. Raman (grey) and SERS (black) spectra of MWCNTs. A 7-fold enhancement of the 

Raman signal is achieved when AuNPs are deposited over the MWCNTs substrate. 

 

3.4. Raman enhancement of the SERS spectra of sulfapyridine 

To assign each corresponding band, it was based on [26]. The common bands of 

sulfapyridine are shown in Figure 3.2.2.4. Between 570-710 cm-1, C-S stretch bands in 
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Raman spectra are appear. The bands appearing in the region between 800-950 cm-1, 

are attributed to S-N stretching and C-S out of plane bending. The strong band located 

within the zone 1100-1200 cm-1, corresponds to the symmetric SO2 stretching in this 

zone. The C-N stretching of the arylamine and C-H in-plane bending of the aromatic ring 

can also be found in this region. In this last case, C-H vibrations in the phenyl ring have 

been attributed. The stretching modes of N-C in the heterocycle ring and C-N between 

sulfonamide group and heterocycle ring appear in the region of 1500-1550 cm-1 location. 

Finally, the bands located at 1550-1650 cm-1 zone are assigned to stretching of the 

phenyl rings and vibrational extensions of the ethylenes C=C and the NH2 bending. 

 

 

 

Figure 3.2.2.4. Raman spectra of solid sulfapyridine. 

 

In order to establish the SERS enhancement factor based on the AuNPs coated MWCNTs 

hybrid substrate, the Raman signal of 30 μL of 10 g L−1 solution of sulfapyridine deposited 

onto a Si/SiO2 substrate was measured and compared with the signal obtained when 

placing 30 μL of 0.01 g L−1 solution of sulfapyridine onto the AuNPs-MWCNTs hybrid 

substrate. 

Figure 3.2.2.5 shows both spectra. In the first place, solid sulfapyridine with a 10 g L−1 

concentration was analyzed by Raman spectroscopy to obtain the characteristics peaks. 

The displacement of the band could be attributed to plasmon coupling between the 

AuNPs formed and the interaction between the MWCNT-AuNPs. 

 



Results and discussions  172 
 

 

 

Figure 3.2.2.5. Raman and SERS spectra of sulfapyridine (a, b) on a Si/SiO2 substrate and 

MWCNTs-AuNPs hybrid substrate, respectively. A) Raman signal of 10 g L−1 sulfapyridine. B) SERS 

response of 0.01 g L−1 of sulfapyridine. The right axis corresponds to SERS spectra of sulfapyridine. 

The left axis corresponds to the Raman signal. The * symbol indicates the band which has been 

employed for quantification of sulfapyridine (band at 1316.7 cm−1). 

 

For confirming the enhancement factor (EF) of the hybrid substrate synthesized, this 

parameter was calculated by using the following equation [27]: 

 

𝐸𝐹 = (
𝐼𝑆𝐸𝑅𝑆

𝐼𝑅𝑎𝑚𝑎𝑛
) (

𝑁𝑅𝑎𝑚𝑎𝑛

𝑁𝑆𝐸𝑅𝑆
) 

 

where the intensity I is the height of the sulfapyridine band at 1316.7 cm−1 and N 

represents the total number of analyte molecules deposited onto the substrate. An 

enhancement factor of 4394 was obtained. 

 

3.5. Application to the determination of sulfapyridine in milk samples 

The analytical performance of the proposed method was evaluated in order to study its 

usefulness for quantitative analysis. The analytical signal peak at 1316.7 cm−1 was 

monitored for the SERS measurements. The analytical parameters are summarized in 

Table 3.2.2.1. The calibration curve was determined for concentrations ranging from 10 

to 100 ng mL-1 with a R2 = 0.9956. 
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Table 3.2.2.1. Analytical parameters of the method for sulfapyridine. 

 
Sulfapyridine 

1316.7 cm-1 

Calibration equation (ng mL-1) 10-100 

Intercept 613.56 

Slope (mL ng-1) 10.92 

R2 0.9956 

LOQ (ng mL-1) 8.8 

RSD (%) (intra-substrate) 5.47  

RSD (%) (inter-substrate) 7.55  

 

Each concentration level was analyzed by triplicate (measuring each sample at different 

randomly selected locations within the substrate). The reproducibility of the proposed 

method was carried out with fifteen independent measurements at 10 ng mL-1 obtaining 

a relative standard deviation (n=11) of 5.47 % for measurements within a membrane. 

On the other hand, the relative standard deviation (n=3) of 7.55 % for measurements in 

different substrates. 

Practical limit of quantification (P-LOQ) is defined as the minimum level at which 

sulfapyridine can be detected in the samples with acceptable accuracy (> 80 %) and 

precision (RSD < 10 %), was 8.8 ng mL-1 (Table 3.2.2.1). This value was clearly lower than 

the Maximum Residue Limits (MRL) of 100 ng g-1 for total sulfonamides content in foods 

of animal origin [20], and that MRL of 25 ng g-1 for sulfapyridine in edible animal tissue. 

This value was also lower than the reported LOQ of 10 ng g−1 with Klarite (Renishaw 

Diagnostics Ltd, Glasgow, UK) commercial SERS for analysis of sulfapyridine, 

sulfamethazine and sulfamethoxazole. In addition, the SERS method here proposed 

presents advantages over other conventional methods (LC-DAD, LC-FLD, LC-MS) [32-35] 

in terms of low cost, sample consumption and simplicity. 

A recovery study with milk test samples was carried out. Hence, samples were spiked at 

four fortification levels. Previously to the analysis, samples were sonicated for 10 min to 

ensure their homogeneity. Recoveries were ranged between 80.04 and 98.55 %, with 

RSD values at about 6 % as an average for all the concentration levels. The average of all 

the recoveries was 89.0 ± 12.1 %. An analytical method was propose to estimate the real 

concentration in the samples and the recovery factor to be applied for reporting the 

quantitative results was studied. This factor allows to correct the biased deviations. The 
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obtained factor was 1.070 ± 0.012 (n=12). Thus, different spiked samples were analyzed, 

and the results are reported in Table 3.2.2.2. 

 

Table 3.2.2.2. Recovery studies of sulfapyridine in milk samples. 

 Recovery study of sulfapyridine in milk sample 

Sample 

 

Added concentration 

(ng mL-1) 

 

Found concentration 

(ng mL-1) 
Recovery (%) RSD (%) 

1  10   9.3   80.04-95.24   6.21  

2  50   46.1   81.45-97.18   5.58  

3  75   70.4   81.59-97.61   6.07  

4  100   94.7   80.28-98.55   6.35  

 

4. Conclusions 

The preparation of MWCNTs-AuNPs as effective SERS substrate was developed in a very 

simple and quick way for the detection and quantification of sulfapyridine in milk 

samples. The proposed analytical methodology was achieved without any 

preconcentration step. In addition, synthesized gold nanoparticles were characterized 

by ultraviolet-visible spectroscopy and transmission electron microscopy. This 

procedure can be carried out with small quantities of sulfapyridine and the proposed 

method has provided satisfactory results in terms of accuracy, so its suitability for the 

determination of sulfapyridine in milk samples has been clearly demonstrated. The 

resulting hybrid nanocomposite has a large surface which is capable of detecting this 

target analyte. The MWCNTs-AuNPs nanocomposite reveals good SERS activity with a 

quantification limit of 8.8 ng mL-1, with an enhanced at factor of 4394. On the other 

hand, the limitation of this method is the limited re-usability of the substrates. 
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ABSTRACT 

A novel approach for the decoration of reduced graphene oxide with copper selenide 

(CuSe-rGO) using supercritical carbon dioxide (sc-CO2) as a medium, was developed and 

proposed as a substrate for surface-enhanced Raman spectroscopy (SERS) to determine 

Rhodamine B in chili powder. Raman spectroscopy, X-ray diffraction (XRD) and scanning 

electron microscopy (SEM) were used to characterize the synthesized materials 

graphene oxide (GO), reduced graphene oxide (rGO) and CuSe-rGO. A portable Raman 

spectrometer was employed to determine SERS spectra. The procedure presented 

involves a simple and rapid sample pretreatment for the determination of Rhodamine B 

with a limit of quantification of 44.5 ng g−1. The recovery values of the proposed method 

were from 96 % to 99 % and the recoveries values of RSD were ranged from 2.4 % to 3.0 

%. The developed SERS active hybrid substrate has an enhancement factor higher than 

those using gold or silver nanoparticles, providing a clear improvement in the sensitivity. 

 

Keywords 

Reduced graphene oxide, copper selenide, supercritical carbon dioxide, SERS, 

Rhodamine B, chilli powder.  
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1. Introduction 

The synthesis of nanomaterials using supercritical fluids (SCFs) is a promising alternative 

due to their unusual properties such as low viscosity, high diffusivity, near-zero surface 

tension and tunable properties [1]. The high diffusivities of solvents in SCFs, combined 

with their low viscosities, results in enhanced mass-transfer characteristics. The low 

surface tension of SCFs not only permits better penetration and wetting of pores than 

liquid solvents do, but also avoid the pore collapse which can occur on certain structures 

organic, among others [2]. Different solvents can be used in SCFs [3]. sc-CO2 is 

particularly attractive and the most widely used, because it is non-toxic, cheap, 

abundant, non-flammable, leaves no residue in the treated medium, and it is used as a 

green solvent. 

In the last decades, the decoration of carbon structures using SCFs has attracted much 

attention because of their properties. It should be noted that graphene is one of the 

best of these structures due to its exceptional characteristics such as high thermal 

conductivity, high charge carrier mobility, large specific surface area, chemical stability, 

excellent mechanical properties and a strong hydrophobic nature [4]. The decoration of 

graphene oxide (GO) or reduced graphene oxide (r-GO) with metal nanoparticles and 

nanostructures have become of great interest to the versatility of their applications in 

the fields of catalysis, optics, biochemical sensing, electronics and spectroscopy [5]. 

Furthermore, metal decorated graphene is a promising material for improving the 

behavior of them and can be considered as promising material for diverse applications 

including electrochemical sensor and surface-enhanced Raman scattering (SERS) 

spectroscopy [6,7]. SERS is a powerful technique for carbon materials based on two 

mechanisms (electromagnetic and chemical) to obtain an enhancement of the Raman 

intensity. This is a perfect solution for solving the low sensitivity of Raman spectroscopy. 

This technique has been widely used in different areas such as surface adsorption [8], 

electrochemical [9], biomedical detection [10] and trace analysis [11], among others. 

One of the best advantages of SERS, is the diversity of SERS-activate substrates. 

Traditionally, SERS studies have been limited to gold, silver and copper nanoparticles 

[12]. In recent years, SERS-active substrate are used into semiconductor material field, 

especially wide band gap semiconductor materials [13]. 
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So far, the problem of food safety has become the focus of threat to human survival. 

Rhodamine B is a synthetic dye used as a colorant in textiles and foodstuffs due to its 

intense pink color [14]. Nevertheless, the problem of them is their hazardous nature and 

harmful effects on human and animals, producing irritation to the skin, eyes and 

respiratory tract. Furthermore, this component can result in allergy and asthmatic 

reactions, DNA damage, thyroid tumors, chromosomal damage, hyperactivity, 

abdominal pain when taken orally [15]. It is considered as an illegal additive in food by 

European Food Safety Authority (EFSA) [16]. That is why their use have been banned as 

color additive in food stuffs. Thus, due to the hazardous nature and harmful effects of 

Rhodamine B, the analytical control of this compound in food sample is of relevant 

interest. For this purpose, one of the most promising techniques is by SERS 

spectroscopy. First, as the Raman signal is considered as a spectral signature, it can be 

used for a direct identification of Rhodamine B paving the way highly specific and label-

free method of determination. Second, the SERS is based on the exploitation of the 

optical properties of metallic nanostructures that provides a high enhancement of the 

Raman signal of this interested analyte. Methods used for the determination of this 

colorant need long preparation time and complex pretreatment, among others. SERS 

can use a portable Raman spectrometer [17]. It is a good alternative due to its simplicity, 

simple pretreatment of samples, and the measurements can be done in situ in a non-

destructive way. 

In this work, it is proposed a novel SERS-active substrate for the decoration of reduced 

graphene oxide with copper selenide (CuSe-rGO) using SCFs with sc-CO2 as a medium 

for the determination of Rhodamine B in chili powder. To the best of our knowledge, 

this is the first time that CuSe-rGO was used as semiconductor hybrid nanomaterial for 

decorating rGO, which exhibits improved the enhancement factor in comparison with 

silver and gold nanoparticles. In addition, the SERS platform proposed provides several 

advantages in terms of simplicity and rapid, real-time measurements for the sensitive 

analysis of Rhodamine B in food samples. 
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2. Experimental 

2.1. Reagents, chemical and samples 

All aqueous solutions were prepared using 18.2 MΩ cm water purified with a Mili-Q 

system (Millipore, Bedford, MA, USA) and analytical grade reagents. Selenium powder, 

graphite, sodium sulfite, sodium nitrate, potassium permanganate, hydrogen peroxide, 

2-propanol and Rhodamine B were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Copper sulfate pentahydrate and trisodium citrate were purchased from Fluka Chemie 

(Buchs, UK). Hydrochloric acid and sulfuric acid were purchased from Panreac Quimica 

S.L.U. (Barcelona, Spain). Si/SiO2 wafers were obtained from Pure Wafer (San José, 

California, USA). SFC-grade carbon dioxide (Air Liquide Products, Paris, France) was used 

as the extraction fluid. 

Rhodamine B stock standard solution of 1 g L-1 was prepared was prepared in deionized 

water. Chili was purchased at local market (Ciudad Real, Spain), the sample was crushed 

in order to obtain a powder. 

 

2.2. Instruments and apparatus 

The synthesis and decoration of CuSe-rGO under Supercritical fluid medium was 

performed with a Jasco system (Easton,MD,USA) consisting of a PU-1580CO2 delivery 

pump, a BP1580-81 backpressure regulator and HP column oven as the extraction 

chamber. 

Raman spectra were recorded using a portable Raman Spectrometer system (B&W TEK 

Inc., DE, USA) at a wavelength of 785 nm and a maximum laser output power at system’s 

excitation port of 348 mW and 285 mW in the probe. The spot size focus laser beam was 

0.9 µm in diameter. The output laser power in the probe was set to the total percentage 

without any damage. For measurements, the laser beam was focused to the sample 

through a 100 /1.25 objective. Raman signals were acquired by a CCD array detector 

cooled at 10 °C with an acquisition time ranging from 5 to 65.5 ms. The typical 

accumulation time used in this study was 10 s per scan, and each spectrum was the 

average of 3 scans for a total integration time of 30 s. A background scan with the same 

integration time was collected before each sample acquisition to remove dark noise. 

XRD patterns were measured on Philips model X´Pert MPD diffractometer using a CuKα 

source (λ=1.5418 Å), programmable divergence slit, graphite monochromator and 
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proportional sealed xenon gas detector. The samples were made with a voltage of 40 

KV, intensity 40 mA and an angular range of 5.0 to 80 degrees (2 Theta), a step of 0.02 

degrees 2 Theta and a time per step of 1.50 sec. 

Scanning electron microscope (SEM) micrographs were measured on a ZEISS GeminiSEM 

500 (Germany) operating at acceleration voltage 0.02-30 kV, probe current 3 pA - 20 nA, 

store resolution up to 32k × 24k pixels, and magnification from 50 up to 2x106. Equipped 

with several detectors: in-lens secondary electron detector, in-lens energy selected 

backscatter detector (EsB), annular STEM detector (aSTEM 4) and EBSD detector 

(electron backscatter diffraction) investigation of crystalline orientation. The samples 

were prepared onto a lacey carbon by deposition of the synthesized material. Also, 

energy dispersive X-ray (EDX) spectroscopy was performed for the synthesized material. 

An ultrasound bath (Selecta, Barcelona, Spain), a Basic 20 pH-meter with a combined 

glass electrode (Crison Instruments S.A., Barcelona, Spain) and a microcentrifuge Biosan 

Microspin 12 (LabNet Biotecnica S.L., Spain) were also used. 

 

2.3. Synthesis of reduced copper selenide graphene oxide (CuSe-rGO) 

First, Na2SeSO3 and graphene oxide were prepared. Na2SeSO3 solution was prepared by 

mixing 10 g of selenium powder with 100 g of anhydrous sodium sulfite in 500 mL of 

distilled water. Then, this reaction was stirring for 8-10 h at 80 °C, fresh Na2SeSO3 

solution was filtrated and stored while tightly covered for process [18]. 

Graphene oxide was prepared according to a modified Hummers method [19]. Firstly, 

0.5 g of graphite and 0.5 g of sodium sulphite, were dispersed in 23 mL of concentrated 

sulfuric acid into 100 mL Erlenmeyer flask in ice bath maintaining temperature below 20 

°C. This mixture, was stirring for 4 hours. Then, 3.0 g of potassium permanganate were 

added slowly to the reaction mixture and stirring the mixture for 1 hour. After this hour, 

the ice was removed, and the reaction was stirring another hour more and heating the 

mixture at 35 °C. After this step, 46 mL of deionized water were added. This reaction 

was stirring and heating at 95 °C for 2 hours without allowing the mixture to boil. 

Subsequently, turn off the heater and allow it to cool in room temperature. Then, 100 

mL of deionized water were added and stirred the mixture for 1 hour. Now, 10 mL of 30 

% hydrogen peroxide were added for 1 hour with constant stirring. The GO was formed 

and finally, the product was repeatedly washed with deionized water several times until 
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the pH became neutral, indicating the final product does not contain residual salts and 

acids. 

The preparation of CuSe-GO consists of an aqueous solution by mixing 2 mL of 

CuSO4.5H2O (0.5 mol L-1), 2 mL of trisodium citrate (0.1 mol L-1), 2 mL of Na2SeSO3 (0.25 

mol L-1) solution and 0.2 g of GO. This solution was mixing with constant stirring for 10 

min and then, the mixture was sonicated for 10 min. 

The reduction of CuSe-rGO was carried out using sc-CO2 as a reaction medium adapted 

from [20]. For each reaction, in a typical experiment, 6 mL of CuSe-GO was taken in a 10 

mL stainless steel column. Then, sc-CO2 was charged into the column. The synthesis was 

carried out at 200 °C and 20 MPa in the constant pressure mode and the reaction was 

maintained for 1 hour. A depressurization time of the system was about 5 minutes. After 

cooling the reactor to room temperature, the synthetic product was washed with 1 mL 

of water and nanoparticles were recovered and dried at 60 °C under vacuum. 

 

2.4. Treatment of samples 

3 mg of chili powder was exactly weighed and spiked at different levels with Rhodamine 

B. They were then dispersed into 1 mL of acetonitrile in an ultrasonic water bath at room 

temperature for 10 min. After that, samples were centrifuged for 5 minutes at 8000 rpm. 

Finally, the supernatant solution was used to determine the presence of Rhodamine B. 

 

2.5. SERS measurements 

Si/SiO2 wafers were used such as substrates with 100 ± 5 nm of diameter. Firstly, the 

substrates were cleaned with isopropanol at room temperature. The preparation of 

each substrate was as follows: 10 µL of synthesized CuSe-rGO (2.0 g L-1) suspended in 

water and 20 µL of each sample were added onto the substrate in this order. The Si/SiO2 

substrates were put in a hotplate at 50 °C in order to evaporate the solvent. 

 

3. Results and discussion 

3.1. Characterization of GO, rGO and CuSe-rGO 

In order to confirm the synthesis of CuSe-rGO, the materials produced were 

characterized by Raman spectroscopy (Figure 3.2.3.1a), X-ray diffraction (XRD) (Figure 

3.2.3.1b) and scanning electron microscopy (SEM) (Figures 3.2.3.1c-e). As can be seen 
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in Raman spectra, GO has two prominent peaks at 1328 cm-1 and 1602 cm-1, known as 

D and G band, respectively. D band is associated with structural defects and disorders 

that can break the symmetry, and G band is assigned to the E2g phonon of C sp2 atoms 

[21]. An increase in the ratio ID/IG, is because of more defects are created onto GO 

surface due to oxygen functional groups were removed. As a result, more graphene 

domains were formed onto rGO sheets. As can be seen in Figure 3.2.3.1a, the difference 

in the ratio ID/IG between GO and rGO is almost the same in comparison with the ratio 

ID/IG of CuSe-rGO, indicating that the crystalline sp2 region changed considerably. 

 

 

Figure 3.2.3.1. a) Raman spectra of GO, rGO and CuSe-rGO. b) XRD patterns of GO, rGO and 

CuSe-rGO, c,d) TEM images of CuSe-rGO and e) elemental mapping of CuSe-rGO. 

 

On the other hand, the defects on GO surface in the case of CuSe-rGO is higher than GO 

and rGO and CuSe was anchored in the GO surface, affecting the crystalline sp2 region. 

Finally, the peak observed at ~260 cm-1 in the CuSe-rGO composites, indicates that the 

CuSe are well anchored on rGO. 

XRD patterns of GO, rGO and CuSe-rGO are shown in Figure 3.2.3.1b, represented as a, 

b and c, respectively. The diffraction peaks of GO appear at ~11.38°and ~42.50°, 

approximately. In the case of rGO, the first peak disappeared and a new peak at ~26.68° 

appeared, indicating that the reduction of GO was obtained successfully. Finally, the 

diffraction peaks of CuSe-rGO can be matched well with the standard phase of CuSe 
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[22]. The XRD results of the new synthesized material showed that no peaks from other 

impurities were determined and it confirmed the purity of this material. 

The particle size and surface morphology of as-prepared CuSe-rGO composite were 

analyzed by SEM. The SEM micrographs results are showed in Figure 3.2.3.1c-e. As can 

be seen, CuSeNPs had spherical shapes with an average particles sizes of decorated 

CuSeNPs were evaluated and the particle sizes ranges were recorded as 30-35 nm. These 

images indicate the homogeneous distribution and the doping of the NPs over the 

sheets of graphene. The composite’s graphene sheets’ surfaces were clearly decorated 

with CuSeNPs. SEM images confirm the formation of nanocomposite, according to the 

XRD results. 

 

3.2. Optimization of supercritical fluid parameters for the reduction of CuSe-rGO 

The reduction of CuSe-rGO was carried out under supercritical conditions as described 

above. The sc-CO2 conditions were optimized by characterizing the reduced material at 

end of each extraction by XRD and SEM. The reduction of CuSe-rGO is considered 

improved when XRD patterns indicated that the peak of GO at ~11.38° disappeared and 

new peak appeared at ~26.68° for rGO. Moreover, the total reduction of CuSe-rGO is 

considered improved when SEM micrographs and elemental mapping images indicated 

that all oxygen atoms are reduced. The variables optimized were the temperature, CO2 

extraction pressure, extraction time and CuSe-rGO amounts. When one parameter was 

changed, the other parameters were fixed at their optimal values. The influence of the 

CO2 pressure and temperature was studied simultaneously. In this way, the temperature 

was tested between 120 and 250 °C, and the CO2 pressure ranged from 5 to 30 MPa. 

The best results were achieved by using 20 MPa at 200 °C. Next, the effect of the reaction 

time on reduction of CuSe-rGO was examined between 1 and 4 hours. 1 hour was 

enough to achieve maximum reduction, so this time was selected for following 

experiments. On the other hand, the CuSe-rGO amounts were optimized between 0.1-

0.5 g, and the best conditions were obtained when 0.2 g of CuSe-rGO was used. 

As explained before, and to confirm the formation of the CuSe-rGO, the synthesized 

material was characterized by XRD and SEM (Figure 3.2.3.1). Figure 3.2.3.1b shows the 

XRD patterns of GO. As can be seen in this figure, the diffraction peak at ~11.38° 

confirmed the presence of GO. Figure 3.2.3.1b shows the XRD patterns of rGO. As can 
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be seen in this figure, the diffraction peak at ~26.68° confirmed the presence of rGO. 

Moreover, Figure 3.2.3.1b shows the XRD patterns of CuSe-rGO composite. As can be 

seen in this figure, the diffraction peak at ~26.68° confirmed rGO. Peaks at ~26.68°, 

~28.36°, ~31.64°, ~44.64°, ~52.96°, ~65.12° and ~71.78° correspond to the CuSeNPs. 

Figure 3.2.3.1c-e shows SEM micrographs and elemental mapping image of the 

synthesized CuSe-rGO. As it can be seen, CuSeNPs were decorated onto the surface of 

rGO sheets. On the other hand, the elemental mapping image shows that all oxygen 

atoms of GO were reduced. 

 

3.3. Characterization of Rhodamine B 

Figure 3.2.3.2a shows the Raman spectrum of Rhodamine B solid powder in between 

500-1700 cm-1. As can be seen, peaks located at 1359.7 and 1507.8 cm-1 are the most 

intense peaks, both attributed to the C-C bending. The most intense bands in the region 

from 1100 to 1700 cm-1 on the Raman spectrum of Rhodamine B were related to C-C, C-

H and C=C [23]. Table 3.2.3.1 shows a detailed attribution of the vibrational peaks of 

Rhodamine B. 

 

 

 

Figure 3.2.3.2. a) Raman spectra of Rhodamine solid powder and b) influence of the volume of 

CuSe-rGO (2 g L-1) deposited onto the substrate on SERS spectra intensity. 
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Table 3.2.3.1. Main peaks of Rhodamine B and its assignment. 

Raman Shift (cm-1) Assignment 

620.8 Xantene ring puckering 

1076.1 C-H stretching 

1198.9 C-C bridge band stretching and aromatic 

1281.0 C-H bending 

1359.7 Aromatic C-C bending 

1507.8 Aromatic C-C bending 

1527.6 C-H stretching 

1649.4 C-C stretching vibration mode 

 

3.4. Optimization of the preparation of SERS substrate for Rhodamine B 

measurements 

The first variable studied was the substrate where the samples were deposited. CaF2 

and Si/SiO2 were tested to select the best one. Si/SiO2, which provides interference 

enhancement, was chosen as substrate to deposit the samples. Besides, impurities in 

Si/SiO2 substrate are critical because they generate to electron-hole charge density 

fluctuations and limit the performance of electronic devices [24]. Finally, the surface is 

smooth, and it has not bands that can interfere with the samples studied in this work. 

Different concentrations of Rhodamine B in aqueous solution were dropped onto CuSe-

rGO in order to collect the corresponding spectra and determine the limit of detection. 

The developed procedure consists of the drop-wise deposition of CuSe-rGO composite 

synthesized and, subsequently, Rhodamine B. The dependence of the Raman signal 

upon sample deposited onto the substrate was also studied for optimizing the sample 

volume. Volumes between 5 and 40 µL of CuSe-rGO (2 g L-1) were tested. As can be seen 

in Figure 3.2.3.2b, 10 µL was selected as the optimum volume for all measurements. 

Measurements at each volume were performed by triplicate. SERS measurements of 

Rhodamine B are represented in Figure 3.2.3.3. As a can be observed, two characteristic 

peaks at 1052.3 cm-1 and 1396.7 cm-1 appears on SERS spectra relating to Rhodamine B. 

Obviously, D band and G band of graphene are also appeared. It should be noted that 

the number of Raman Shift changed over the traditional Raman spectra of Rhodamine 

B (Figure 3.2.3.2). This is due to the analyte is locked to the CuSe-rGO, causing the 

displacement of the peaks. On the other hand, a splitting of the D band of GO is 
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observed, indicating the connection between both. Thus, the characteristic peak at 

1396.7 cm-1 was selected for characterizing Rhodamine B. Finally, the peak observed at 

520 cm-1 is due to silicon, which can be also used to calibrate the device. 

 

 

Figure 3.2.3.3. Influence of Rhodamine B concentration on CuSe-rGO SERS spectra intensity. (a) 

0, (b) 50, (c) 100, (d) 150, (e) 200, (f) 300, (g) 350, (h) 400 and (i) 500 ng g−1 of Rhodamine B in 

aqueous solution. 

 

On the other hand, the deposition order of CuSe-rGO and the analyte was analyzed. Two 

different configurations were investigated. The first one was carried out by the 

deposition of CuSe-rGO on the heating plate before Rhodamine and, in the second 

configuration, the analyte was placed before the deposition of CuSe-rGO. The second 

configuration does not allow to see the peaks attributed to Rhodamine B. The first 

approach provided the best results. This is due to CuSe-rGO must be deposited on the 

substrate and then the analyte should be deposited to fix it onto the surface (CuSe-rGO). 

For this reason, all measures were carried out in this way. 

The instrumental variables were also studied. The main difficulty found when measuring 

the Raman spectra of samples of carbon is the heat degradation of the sample due to 

the laser radiation. In fact, portable Raman equipment does not allow to achieve this, 

since it is less flexible in regulating the power of the laser [25]. For this reason, the laser 

power in the spectra was firstly studied, being 10 % the best option with a laser of 785 

nm. Moreover, parameters such as integration time and duration time average were 
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also optimized, so the best conditions for the spectra were 10 s and 3 scans, respectively, 

for a total integration time of 30 s. 

 

3.5. SERS determination of Rhodamine B in chili powder 

For studying the SERS determination of Rhodamine B in chili powder, the preparation of 

the SERS was as follows: 10 µL of synthesized CuSe-rGO and then 20 µL of each sample 

extract were added onto the substrate. The Si/SiO2 substrates were put all the time in a 

hotplate at 50 °C in order to evaporate the solvent. After which relative intensity of 

CuSe-rGO SERS was measured. The blank sample does not show peaks at 1396.7 cm-1, 

indicating that chili will not cause any interference in the determination of Rhodamine 

B in chili powder samples. Moreover, with an increase of the concentration of 

Rhodamine B, an increase in the D and G band of GO is observed. The relation between 

the concentration of Rhodamine B and the SERS intensity at 1396.7 cm-1 was also 

studied. The relationship between the Raman intensity at the plot peak and the 

concentration of Rhodamine B give an exponential correlation in the range 50-10000 ng 

g-1 with the correlation coefficient R2 of 0.9944, providing a good method to predict the 

concentration of Rhodamine B in chili powder samples. 

 

Table 3.2.3.2. Analytical features of the method for the determination of Rhodamine B. 

Calibration equation 𝒚 = 𝟑𝟐𝟗𝟓, 𝟑𝒆𝟎,𝟐𝟏𝟐𝟑𝒙 

Range (ng g-1) 50-10000 

R2 0.9944 

P-LOQa (µg g−1) 44.5 

RSDb (%) (intra-substrate) 8.0 

RSDc (%) (inter-substrates) 12.4 

a Practical limit of quantification. b Relative standard deviation, determined from 15 measurements at 250 ng g−1 

concentration of Rhodamine B within the same substrate. c Relative standard deviation, determined from the average 

value of 15 measurements at 250 ng g−1 concentration of Rhodamine B in fifteen different substrates. 

 

The study of the reproducibility of the proposed substrate was also carried out. Fifteen 

random measurements with a concentration of 250 ng g-1 were performed. In this case, 

the relative standard deviation (RSD) obtained was 8.0 %. On the other hand, the 

reproducibility between samples (n=15) was also studied. In this case, the RSD was 12.4 
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%. It should be noted that the RSD value is high. It may be caused due to the synthesis 

material (CuSe-rGO) in aqueous solution is not completely homogeneous. All results are 

summarized in Table 3.2.3.2. The practical limit of quantification (P-LOQ), defined as the 

minimum level at which Rhodamine B can be determined in the samples with acceptable 

accuracy (>80 %) and precision (RSD <10 %), was 44.5 ng g−1 (Table 3.2.3.2). 

 

3.6. Comparison of SERS enhancement of CuSe-rGO, AuNPs and AgNPs 

It is well known that the hybridization of graphene with copper [26], silver [27] and gold 

nanoparticles [28] provides an improvement in the properties of this nanomaterial. In 

order to compare the SERS enhancement factor (EF) of our synthesized material with 

AuNPs and AgNPs, Raman signal of 10 µL of 2000 ng g-1 were performed. All results were 

compared to rGO, indicating the EF obtained which each substrate. Figure 3.2.3.4 shows 

the spectra of rGO, CuSe-rGO, AuNPs and AgNPs. 

The EF was calculated by using the following equation [29]: 

𝐸𝐹 = (
𝐼𝑆𝐸𝑅𝑆

𝐼𝑅𝑎𝑚𝑎𝑛
) (

𝑁𝑅𝑎𝑚𝑎𝑛

𝑁𝑆𝐸𝑅𝑆
) 

 

In this equation, ISERS is the height of the D-band of rGO at 1328 cm-1 and N represents 

the total number of analytes molecules deposited in the substrate [28]. The EF of CuSe-

rGO, AuNPs and AgNPs were 62.5, 38.9 and 35.4, respectively. 

 

 

Figure 3.2.3.4. Comparison of SERS enhancement of CuSe-rGO, AuNPs-rGO and AgNPs-rGO at 

1328.01 cm-1. 
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3.7. Quantitative determination of Rhodamine B in chili powder 

In order to verify the accuracy of the proposed method, a recovery study of the analysis 

by spiking Rhodamine B with known chili concentrations was carried out at three 

different levels: 71.9, 719.0 and 7190.0 ng g-1. The obtained recoveries were between 

95.99 % and 98.66 % depending on the concentration level studied. Three replicates 

samples at each concentration were measured in order to evaluate the precision of the 

method. Thus, the recoveries values of RSD were ranged from 2.4 % to 3.0 %. All results 

are summarized in Table 3.2.3.3. 

 

Table 3.2.3.3. Recovery of Rhodamine B in chili powder. 

Spiked concentration 

(µg g−1) 

Founded concentration 

(µg g−1) Recovery ± SD RSD (%) 

71.9 70.9 98.6 % ± 3.5 2.4 

719.0 704.2 97.9 % ± 4.0 2.8 

7190.0 6897.0 95.9 % ± 4.4 3.0 

 

4. Conclusions 

The synthesis of reduced copper selenide graphene oxide as a novel approach by using 

supercritical carbon dioxide, was developed successfully. In addition, the reduction of 

graphene oxide using this medium involves the use of a green solvent. Besides, this work 

demonstrated the fabrication of a facile SERS substrate for the determination of 

Rhodamine B with a practical limit of quantification (P-LOQ) of 44.5 ng g-1, which can 

determine this analyte in chili powder samples with a fast and easy procedure. The 

enhancement factor of our synthesized hybrid material was better in comparison with 

gold and silver nanoparticles. Finally, these portable procedures can be used for the 

rapid determination, in situ, in a non-destructive manner. 
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3.3. RAPID SCREENING AND QUANTIFICATION OF NANOPARTICLES IN 

FOOD AND BEVERAGES USING RAMAN SPECTROSCOPY AND 

CAPILLARY ELECTROPHORESIS 

 

“La mayor gloria no es nunca caer, sino siempre levantarse.” 

Nelson Mandela. 

 

 he particular interest of analytical chemistry in nanostructured materials 

provides great benefits which address the diverse needs of the analytical 

chemistry in improving any of the steps of the analytical process, from the 

sample treatment to the detection stage. As has been reported in the previous sections, 

many reports about their usefulness as analytical tools have been given rise to the 

development of new analytical methodologies and the improvement of the well 

established analytical processes, methods and techniques. 

The first classical facet of the AN&N is based on the sorption and sensing capabilities of 

a wide variety of NPs. 

Due to the poor knowledge about the real characteristics of nanomaterials and their 

presence in biological, environmental and agrifood matrices, the second facet of AN&N 

makes it necessary to develop new analytical methodologies capable of extracting 

information. As a consequence, these methodologies allow that their characterization 

in a simple, fast and precise way [1]. Among the types of characterization that are 

needed, perhaps none is more challenging than chemical characterization [2]. 

The determination of nanomaterials requires methods capable of detecting and 

quantifying traces of the NPs in a variety of complex matrices. However, only a few of 

these methods have been reported to date related to AN&N. 

The combination of these two facets has appeared as a new concept in the AN&N, 

denominated as the "third way" [3]. From this point of view, the nanomatter acts 

T 
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simultaneously as a tool and as an object of analysis within the same analytical process. 

This concept arises from the need to improve and establish new methodologies for the 

extraction of chemical information and the precise determination of such 

nanostructures, giving rise to the improvement of their individual or combined 

properties [4]. Hence, nanostructures of the same or different nature that are involved 

as a tool and analyte can give rise to hybrid NMs with excellent properties in order to 

improve the analytical characteristics. 

Having information from NMs involves measuring dimensions of only a few nanometers. 

So-called nanometrology can be defined as the science of measurement at the 

nanoscale level, where nanometrological measurements include not only length or size 

(shape, aspect ratio, and size distribution) but also chemical composition, nanoparticle 

concentrations, optical, force, mass, electrical, and other types of properties. The 

difference between nano and micro particles, for example, can supposed a big different 

in the properties, leading a specific behavior of each ones. For this reason, it is neccesary 

to develop new methodologies that can distinguish and improve the detection and 

quantification of nanostructures in a fast way. 

This aspect is depicted by the developed works: 

• Highly surface enhancement Raman scattering substrate based on gold 

nanoparticles and sulpapyridine for the determination and quantification of 

multi-walled carbon nanotubes. 

• Analytical nanometrological approach for screening and confirmation of 

titanium dioxide nano/micro-particles in sugary samples based on Raman 

spectroscopy - capillary electrophoresis. 
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ABSTRACT 

At present, the fabrication of surface-enhanced Raman spectroscopy (SERS) substrate 

for the determination of target analytes is a great challenge. The production and 

exposure of carbon nanotubes is growing considerably, and there is a need for analytical 

methods that can quantify them at very low level. For this reason, a new strategy based 

on the combination of the properties of multi-walled carbon nanotubes (MWCNTs), gold 

nanoparticles (AuNPs) and sulfapyridine is proposed. This hybrid substrate exhibits 

excellent SERS enhancement effect due to the formation of high-density hot spots 

among the AuNPs, sulfapyridine and MWCNTs. In this work, a rapid, simple and 

reproducible method to detect MWCNTs in tap water samples by SERS technique is 

presented. The methodology was able to detect MWCNTs in the concentration range 1- 

100 ng mL-1 without implying any preconcentration step, just using an affordable and 

portable Raman spectrometer. The limit of quantification achieved with the proposed 

methodology was found to be 1 ng mL−1, which is lower than the predicted 

concentrations for carbon nanotubes occurrence in effluent water reported until date. 

 

Keywords: Multi-walled carbon nanotubes; Surface-enhanced Raman spectroscopy; 

Gold nanoparticles; Tap water samples.  
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1. Introduction 

The use of nanomaterials in different fields is growing exponentially in recent years. 

Within the framework of Analytical Chemistry, this allows the development of new 

analysis strategies, or improvement of those that exist, for the analytical control of 

compounds of food, clinical, environmental or toxicological interest. This requires the 

need to develop analytical methods at the nanoscale for their characterization and 

determination, as well as their use as an analytical tool and/or as an object of analysis. 

To measure subtle changes in nanoparticles it is necessary the use of sensitive methods 

capable to provide direct molecular specific information. In this sense, surface enhance 

Raman scattering (SERS) is a powerful analytical technique capable of detecting analytes 

down to the single-molecule level, with high specificity [1]. SERS technique is simple, 

rapid, non-destructive and non-invasive. In addition, analyses can be carried out at room 

temperature and atmospheric pressure. Furthermore, it is possible to find sophisticated 

laboratory equipment, as well as cheaper equipment [2]. In comparison to normal 

Raman spectroscopy, SERS requires the presence of metal nanostructures. The role of 

metallic nanoparticles is crucial to achieve the enhancement of Raman´s signal. When a 

molecule absorbs on the SERS substrate, an increasement in the Raman signal by many 

orders of magnitude is obtained. Noble metallic nanoparticles provide a good platform 

for SERS substrates because they exhibit localized surface plasmon resonance (LSPR) [3]. 

This term can be understood as a hybrid of plasma oscillations (plasmons) and 

electronics which make the coupling of photons to charge density oscillations of the 

conduction electrons in metals when polarized light is irradiated [4]. The most widely 

metallic nanoparticles used are gold, silver and copper nanoparticles for SERS 

applications [5]. 

The role of nanomaterials in Raman spectroscopy can be seen from three different 

points of view. On the one hand, the use of nanomaterials as analytical object for their 

determination in a variety of samples. This facet has not been very developed to date 

due to the poor knowledge available as well as their presence in environmental, 

biological or food matrices. Thus, to enhance this kind of role play by nanomaterials, it 

is necessary to study in detail of only a few nanometers. Moreover, different and new 

techniques are carried out to characterize nanoparticles and their surface chemistry, 

such as SERS [6,7]. Currently, Raman is one of the most important techniques for the 
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analysis of several nanoparticles [8-10]. On the other hand, the use of nanomaterials as 

analytical tools in order to develop new analytical methods or to improve methods that 

already exist. Normally, the optical, thermal, magnetic or chemical properties are the 

most developed for the improvement of these processes [11], carried out for the sample 

treatment, separation or detection of them [3,12-14]. Finally, there is another way 

called the “third way” [15], based on an interface between the two previous ones, which 

consists in the use of nanoparticles as tools to characterize and determine other 

nanomaterials. At this point, the role of Raman can be as a target analyte or as analytical 

tool. As mentioned above, the main nanoparticles involved are gold and silver. Both are 

used for the detection of carbon structures such as single-walled carbon nanotubes 

(SWCNTs), multi-walled carbon nanotubes (MWCNTs), [16,17], graphene [18], graphene 

oxide (GO) [19] and fullerenes [20], mainly, for the role they play in SERS. 

Carbon nanotubes are present in the environment and owing to the wide use of them, 

CNTs readily can enter environment. That is why CNTs pollution has become a focus of 

attention. An important way of getting into the environment is in water. Normally, 

analytical techniques to quantify CNTs are based on their unique physicochemical 

properties of that differentiate them from other compounds. These approaches 

leverage the structural, thermal, and electrical properties of CNTs and include 

spectroscopic [21,2], thermal [22], and optical [23] techniques used individually or in 

combination [21]. Suárez et al. [16] developed a selective extraction method based on 

preconcentration of SWCNTs from surface waters in a filter modified with MWNTs, and 

subsequently determined by capillary electrophoresis (CE) obtaining limit of detection 

(LOD) of 0.8 mg L-1. To improve sensitivity, SWCNTs in waters have been subjected to 

microliquid-liquid extraction in ionic liquid, microfiltrated in a membrane and finally 

determined by Raman spectroscopy [10], obtaining LOD of 0.050 mg L-1. These methods 

are less sensitive, very expensive and time-consuming owing to use CE and ionic liquid, 

respectively. These shortcomings can be circumvented by developing effective and 

selective methods to minimize the problems associated with sample treatment and 

sensitivity. SERS is a good alternative capable of detecting CNTs, with high selectivity 

and sensitivity. López-Lorente [8] developed approach for the SERS spectroscopy in situ 

determination of SWNTs in river water samples. This method was based on the 



211          Rapid screening and quantification of 
nanoparticles in food and beverages using Raman spectroscopy and capillary electrophoresis 

 

subsequent microfiltration of a bare gold nanoparticles solution and the water sample 

containing soluble CNTs by using a filtration device with a small filtration diameter. 

Recently, we developed an effective SERS substrate using MWCNTs coated with gold 

nanoparticles (AuNPs) for the determination of sulfapyridine in milk samples [24]. An 

increase of Raman signals in D band of MWCNTs was observed obtaining enhanced at 

factor of 4394. Based on these results, we investigated whether, AuNPs and 

sulfapyridine were used as SERS substrate for the determination of MWCNTs in tap 

water samples. This article describes a quantitative method for the determination of 

MWCNTs by using a simple and quick sulfapyridine-AuNPs active substrate in SERS, 

without any functionalization. Herein we demonstrate the interaction of AuNPs with 

sulfapyridine, enhancing the Raman spectra of the carbon nanomaterial. Moreover, we 

have taken advantage of the synergistic effect of the combination of metallic NPs and 

sulfapyridine over the Raman signal of MWCNTs, enabling their determination and 

quantification. The developed method boasts great reproducibility and high sensitivity, 

improving the reported limits of detection for this analyte in SERS [8, 10, 16]. 

 

2. Experimental 

2.1. Chemicals, materials and reagents 

All aqueous solutions were prepared using 18.2 MΩ cm water purified with a Milli-Q 

system (Millipore, Bedford, MA, USA) and analytical grade reagents. Sulfapyridine (≥ 

99.0 %), sodium citrate (≥ 99 %), gold (III) chloride (≥ 99.99 %) and 2-propanol (99.8 %) 

were purchased from Sigma-Aldrich (St. Louis, MO, USA). A stock standard solution of 

0.1 mg mL-1 of sulfapyridine was prepared in water with the minimum amount of 

acetonitrile and stored in at 4 °C. Sulfuric acid (98 %) and nitric acid (69 %) were 

purchased from Labkem. Hidrochloric acid was purchased from Panreac (Barcelona, 

Spain). Multi-walled carbon nanotubes (30 ± 15 nm diameter; 1-5 µm length) with 95 % 

purity, were obtained from NanoLab (Brighton, MA, USA). 

 

2.2. Equipment 

Raman measurements were performed with a portable Raman Spectrometer system 

provided by B&W TEK Inc., known as inno-Ram with a wavelength of 785 nm and a 

maximum laser output power of 348 mW at the system's excitation port and 285 mW 
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after exiting the probe. For each measurement, a 135.68 mW µm2 power density was 

used in all cases in order to avoid sample damage. During the measurements, the laser 

beam was focused to the sample through an objective (100X magnification and 1.25 

numerical aperture). Raman signals were acquired by a CCD array detector cooled to 10 

°C. This device allows working at an acquisition time ranging from 5 to 65.5 ms. The 

Spectrometer data acquisition Software program used with this Raman is BWSpecTM 4 

with a spectrometer interface: USB2.0. The exposure time was set to 10 s per scan, and 

each spectrum was the average of 3 scans for a total integration time of 30 s. A 

background scan with the same integration time was collected before each sample 

acquisition to remove dark noise. 

An ultrasound bath (Selecta, Barcelona, Spain) and a microcentrifuge Biosan Microspin 

12 (LabNet Biotecnica S.L., Spain) were also used. 

 

2.3. SERS substrate measurements 

Before synthesizing AuNPs, all glassware used in the synthesis and storage of AuNPs 

were cleaned with a 1:3 mixture of nitric acid and hydrochloric acid, rinsed with 

ultrapure water and dried in air. This synthesis was based on a previous method [10] 

with some modifications. Firstly, 50 mL of 1 mM of gold (III) chloride was heated to 

boiling while being magnetically stirred. When the boiling pint was reached, 5 mL of 38.8 

mM sodium citrate was rapidly added and allowed to reflux during 15 min. during this 

time, the initial golden colored solution turned a wine-red color. After the synthesis, the 

colloidal suspension was continuously stirred until room temperature was reached and 

then stored in an amber bottle at 4 °C. 

 

2.4. SERS substrate measurements 

SERS measurements were performed on a substrate prepared following this procedure: 

firstly, each drop was deposited on a silicon/ silicon oxide (Si/SiO2) substrate in a hot-

plate, previously cleaned with a mixture of aqua regia (HNO3:HCl, 1:3 v/v) and dried at 

room temperature. This plate was heated at 50 °C until the end of the deposition. The 

evaporation of the solvent concentrates the nanoparticles in a ring. This is the so called 

coffee-ring effect recently observed and applied for SERS measurements [25]. This effect 

is due to the capillary flow induced by the differential evaporation rates across the drop: 
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solutes are moving outward from the inner side to the rim of the droplet. Consequently, 

solutes are highly concentrated along the original droplet edge [26]. 

After that, 20 µL of synthesized AuNPs (two drops of 10 µL) were deposited (drop-wise) 

onto a Si/SiO2 substrate. When all drops were completely evaporated, 30 µL of 

sulfapyridine (three drops of 10 µL) were added onto the substrate. The final step was 

the addition of 100 µL (ten drops of 10 µL) of MWCNTs standards or fortified samples 

by MWCNTs. The prepared substrate was analyzed using SERS detection by means of a 

portable Raman spectrometer with a 785 nm diode laser. 

 

3. Results and discussion 

3.1. Optimization of the preparation of SERS measurements 

To obtain the best results of SERS, different variables were studied: the substrate 

selection, volume of AuNPs, sulfapyridine and MWCNTs, deposition order of AuNPs and 

sulfapyridine and variables for SERS measurements. The first step was to select the 

substrate deposition. In our case, two types of substrates were tested: CaF2 and Si/SiO2. 

The latter was selected as the best substrate for the deposition. This structure has a 

strong peak at 520 cm-1, which confirms that the equipment is perfectly calibrated. 

Besides, the surface is smooth which means that it has not bands that can interfere with 

the samples studied in this work. The amount of AuNPs and sulfapyridine deposited 

affect the SERS activity of the SERS substrate and, as a consequence, the determination 

and quantification of MWCNTs. A study of the optimal volume of AuNPs and 

sulfapyridine was carried out by loading increasing the volume deposited. Different 

volumes of synthesized AuNPs were added from 10 to 40 µL. It was observed a decrease 

in the intensity of the band when loading volumes of AuNPs higher than 20 µL. Regarding 

these experiments, the optimum volume of AuNPs loaded in the substrate was 20 µL. 

The process was repeated for sulfapyridine between 10 and 100 µL (10 mg mL-1). Best 

results were obtained when 30 µL was added. After this volume, the intensity of the 

band did not increase the intensity of the band. Besides, the deposition order of AuNPs 

and sulfapyridine was studied. The selected procedure involves the two-step drop-wise 

deposition. Best results were obtained when AuNPs are placed bellow sulfapyridine, so 

this configuration was selected for further measurements. 
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Finally, instrumental variables for all measurements have been also optimized. The 

influence of laser power in the spectra was the first parameter studied. It is well known 

that due to the poor heat dissipation of carbon nanotubes, samples can be damaged 

during data capture in Raman spectroscopy. In this sense, it is crucial not to use a big 

laser percentage. A power density of 135.68 mW µm2 was used in all cases to avoid 

sample damage with a laser wavelength of 785 nm. Moreover, spectra were recorded 

with an acquisition time from 0.5 to 15 s range. Results showed that 10 s was the 

optimum acquisition time of spectrum measurement. That is why all measurements 

were carried out with this acquisition time. When the measure is finished, the Si/SiO2 

substrate was cleaned by using an aqua regia mixture several times to prepare the 

substrate for another measurement. 

 

3.2. SERS measurements of MWCNTs 

In the 1000 to 1700 cm-1 range, all carbon forms contribute to the Raman spectra [27]. 

G-band (at 1582 cm-1), reveals information about the semiconductor or metallic 

character of the nanotubes. Radial breathing mode (RBM) shows information about the 

chirality and diameter (typical of single wall carbon nanotubes at 200 cm-1). With D-band 

(Disorder induced) and G´ (D overtone) band (1300 cm-1 and 2650 cm-1, respectively), 

information about structure of the valence and conduction band of the carbon 

nanotubes is extracted [28]. Two effects contribute to the enhancement when carbon 

nanotubes are in contact with metallic nanoparticles [8]. At the beginning, the 

oscillation of electrons in metallic nanoparticles leads to the LSPR. This plasmon can 

resonate with the energy of the excitation laser, exhibiting a high local optical field 

(electromagnetic field enhancement) which is based on LSPR in the metal. On the other 

hand, the electronic interaction between carbon nanotubes and metal nanostructures, 

resulting as an increased in the Raman signal (chemical enhancement) [29] and 

increasing the polarizability of the molecule. 

Following the methodology of the fabrication of SERS substrate, the next step was the 

study of the amount of MWCNTs over the substrate. Different concentrations of 

MWCNTs from 1-100 ng mL-1 were tested.  
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Figure 3.3.1.1. Influence of MWCNTs concentration on SERS spectra intensity. (a) 0, (b) 1, (c) 10, 

(d) 20, (e) 40, (f) 80, (g) 100, ng mL−1 of MWCNTs in aqueous solution. 

 

Figure 3.3.1.1 shows the SERS spectra of MWCNTs when AuNPs and sulfapyridine were 

used. In this case, SERS spectrum from 1 to 100 ng mL-1 was analyzed. An increase in the 

G-band was observed because of their binding when all analytes are in contact. For this 

reason, 1593.3 cm-1 was selected as analytical signal and, subsequently, it was used for 

their determination and quantification in tap water samples. 

 

3.3. Application to the determination of MWCNTs in tap water samples 

In order to assess the analytical usefulness of the proposed methods, tap water samples 

were analyzed. SERS hybrid substrates were studied according to sensitivity parameters: 

practical limit of quantification (P-LOQ), which is defined as the minimum level at which 

MWCNTs can be detected in water samples with acceptable accuracy (>80 %) and 

precision (RSD <10 %), and relative standard deviation (RSD %). All measurements were 

calculated by deposition on a Si/SiO2 plate of the optimal volume of all analytes. In all 

cases, no pre-treatments were needed for analyzing the samples. For the determination 

of MWCNTs in tap water, a recovery study was carried out as described in the 

optimization section. No carbon nanotubes were found in it since the analytical signal 

was equal to zero. Therefore, tap water samples were spiked and analyzed using the 
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proposed methodology. The analytical performance of the proposed method was 

evaluated in order to study its usefulness for quantitative analysis. The analytical signal 

peak at 1593.3 cm-1 (G-band) was monitored for SERS measurements. The analytical 

parameters are summarized in Table 3.3.1.1. The calibration curve was determined for 

concentrations ranging from 1 to 100 ng mL-1 with a regression coefficient (R2) = 0.9931. 

Each concentration level was analyzed by triplicate (measuring each sample at different 

randomly selected locations within the substrate). Additionally, the precision of the 

measurements was evaluated at 10 ng mL-1 concentration, obtaining a relative standard 

deviation (n=11) of 7.5 % for measurements within a membrane. On the other hand, the 

relative standard deviation (n=3) of 9.4 % was obtained by using different membranes. 

The P-LOQ was 1 ng mL−1 as can be seen in Table 3.3.1.1. This value is lower than the 

predicted concentrations for carbon nanotubes occurrence in effluent water reported 

until date [21, 30] and the reported LOD of 800 ng mL−1 with CE prior preconcentration 

by filter modified with MWNTs [16], 50 ng mL−1 with microliquid-liquid extraction in 

ionic liquid, and Raman spectroscopy [10], and 10 ng mL−1 obtained by using bare-gold 

SERs-active [8]. 

 

Table 3.3.1.1. Analytical parameters of the method for MWCNTs. 

Parameter Range/value 

Calibration equation (ng mL-1) 1-100 

Intercept 86.8 

Slope (mL ng-1) 17.2 

R2 0.9931 

P-LOQ (ng mL-1) 1 

RSD (%) (intra-membrane) 7.5 

RSD (%) (inter-membranes) 9.4 

 

For demonstrating the accuracy of the method, a recovery test of the analysis of spiked 

tap water samples was tested. Before each analysis, samples were sonicated for 10 min 

in order to obtain a good dispersion of MWCNTs. In this case, recovery experiments 

were carried out at four different concentrations in each sample. Table 3.3.1.2 shows 

the recoveries ranging between 77.16 and 98.24 %, with RSD lower than 7.28 % (n=3) 

depending on the concentration level. 
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Table 3.3.1.2. Recovery studies of MWCNTs in tap water samples. 

 Recovery study of MWCNTs in tap water samples 

Sample 
Added concentration 

(ng mL-1) 

Found concentration 

(ng mL-1) 
Recovery (%) RSD (%) 

1 1 0.8 78.64-96.82 6.26 

2 10 9.1 77.16-96.02 6.67 

3 20 18.2 78.31-97.42 7.28 

4 50 44.8 79.39-98.24 6.58 

 

4. Conclusions  

In this work, an analytical methodology for the detection and determination of MWCNTs 

is presented by a simple and quick method. The presence of sulfapyridine-AuNPs 

produces an enhancement of Raman spectra of carbon nanotubes, enabling the 

sensitive detection of these nanomaterials by means of a portable Raman spectrometer. 

The limit of quantification achieved with the proposed methodology is 1 ng mL-1, which 

is lower than the predicted concentrations for carbon nanotubes occurrence in effluent 

water reported until date (between 62 and 55 ng mL-1),[21, 30], respectively. Thus, this 

simple, affordable and portable procedure could be used to the in situ monitorization of 

the release of these nanostructures from point’s source of contamination, such as 

factories, landfills and wastewater effluents, where concentrations of carbon nanotubes 

are expected to be higher than 1 ng mL-1. 
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ABSTRACT 

Analytical nanometrology is a present challenge in today´s analytical science, 

particularly from a practical point of view and when it is addressed to routine/control 

laboratories. In this way, a screening-confirmation approach is described for the 

characterization and distinction between titanium dioxide nano/micro-particles in 

sugary food samples. The first step involves the confirmation of the presence of TiO2 in 

the sample (used as additive E171 in sugary samples), using a portable Raman 

spectrometer, in which the crystalline structure of TiO2 (anatase or rutile) in the positive 

samples can be also obtained in this step. Then, the second step was only applied to 

positive samples, and it involves the use of Capillary Electrophoresis (CE), which allows 

to distinguish between TiO2-nanoparticles (<100 nm) from TiO2-microparticles (>100 

nm). Additionally, nanoparticles (TiO2 anatase (5 nm diameter) and TiO2 rutile (60 nm 

diameter) and rutile microparticles (0.1-0.2 μm diameter)) can be electrophoretically 

separated. The general procedure is simple, fast and low cost, providing a valuable 

analytical tool in the field of food safety and control, thus contributing to the 

development of the analytical nanometrology.  

 

Keywords 

Analytical nanometrology, Titanium dioxide, Screening-confirmation, Raman 

spectroscopy, Capillary Electrophoresis, Sugary food samples. 
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1. Introduction 

Nanoparticles (NPs) are more and more used and incorporated into consumer products, 

and hence the urgent need of screening methods to ensure customer safety. Food-grade 

TiO2 is a common additive (E171), which is available as synthetic forms of anatase, rutile, 

and others. It is used in many products, such as foods, personal care, and other 

consumer products. In particular, this additive is widely used in food [1] and cosmetics 

[2]. After its use it can enter into the environment by effluent discharges or biosolids 

applied to agricultural land [3]. The different forms, characterized by their 

corresponding physico-chemical characteristics, show specific behavior, and the 

properties at nanoscale level play a crucial role in the interaction with living organisms. 

Moreover, this compound is used in the nanomaterial form when different properties 

are required, such as transparency and / or maximum absorption of ultraviolet light due 

to its excellent light scattering properties. Therefore, it is used in applications where 

brightness and opacity are required. In food field, this additive is also used in a wide 

variety of non-white foods to enhance the color and flavor [1]. For this reason, it is used 

as a decorative aid in some foods. Actually, there is limited information about the effects 

of TiO2 nanoparticles (TiO2NPs) in the ecosystem and alive organisms [4,5]. A recent 

study estimates and quantifies the human exposure resulting from nanoparticle sized 

TiO2 found in processed foods, and especially in some powdered sugary food products 

[6]. There are some concerns about the risks to human health, due to its cytotoxic 

potential of TiO2NPs (< 100 nm). In fact, nanoparticles with diameters smaller than 100 

nm are more cytotoxic than larger particles as a result of the increased surface area and 

their capacity to penetrate into the cells and nuclei [7]. Nonetheless, current legislation 

only provides the maximum exposure guidelines for micro-/macro-sized particles [8-10]. 

Thus, it was observed that erythrocytes treated with nano-sized TiO2 (20 nm) revealed 

abnormal sedimentation, hemagglutination, and hemolysis in contrast to their micro-

sized counterparts (200 nm) [11]. Therefore, it is necessary to develop TiO2 particle size 

screening methods in order to distinguish between nanoparticles (<100 nm) and 

microparticles (>100 nm) added as E171 additive in food products for assessing its 

impact on human health. Screening methods are used to classify samples as positives or 

negatives in a fast and reliable way. The main objectives of screening methods are to 

provide a rapid, reliable response with respect a target information for immediate 
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decision making; to simplify (or eliminate) sample treatment; and to reduce the use of 

high cost, high maintenance instruments in routine analyses [12]. 

The most widespread analytical technique for TiO2 particle screening and determination 

is field-flow fractionation (FFF), specially FFF–ICP–MS [13-15]. However, FFF presents 

some disadvantages. For instance, it typically requires complicated sample preparation, 

long analysis times (about 1 h for each run), the high cost of the instrumentation, and 

lack of robustness of the corresponding analytical methods when applied to specific 

samples. ICP-AES and ICP-MS have also been used for quantification purposes, and 

suffer from the same limitations [16]. X-ray fluorescence can be also used to measure 

TiO2 mass content. However, none of the above-mentioned techniques are able to 

simultaneously measure particle size distribution, particle concentration (particles mL-

1), and mass content [17] of TiO2 rapidly in a single method. Single particle-ICP–MS (SP-

ICP–MS) is a valuable emerging technique for NPs characterization, especially for 

environmental matrices, where the NPs concentrations are relatively low. However, this 

methodology is time-consuming and very expensive owing to the high cost of the 

instrumentation [18]. Capillary electrophoresis (CE) can be also a useful technique for 

the analysis of NPs, as it has recently been demonstrated for size discrimination of 

quantum dots [19], AuNPs [20] or silica nanoparticles (SiO2NPs) [21]. Raman is a 

vibrational spectroscopy technique, which provides structural and chemical information 

about molecules based on their vibrational transitions [22]. This technique is a good 

alternative because it is a simple, rapid, non-destructive and non-invasive technique. 

Analyses can be performed at room temperature and atmospheric pressure and it is 

possible to find sophisticated laboratory devices as well as low-expense portable ones. 

In this work, a simple approach, based on the use of a portable Raman spectrometer 

and CE with a diode-array detector (DAD), is proposed as an advantageous alternative 

for the screening and characterization of TiO2 particles. To the best of our knowledge, 

this is the first case in which this combination has been reported to achieve the 

objectives above outlined, and it contributes to the development of the present 

analytical nanometrology [23]. The overall methodology presents advantages in terms 

of low cost of the involved instrumentation, samples without or few treatments, low 

waste volumes, and good analytical performance. In this case, no treatment is necessary 

for Raman measurements and only a few simple steps are required for CE 
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measurements, as explained below. This method was validated for its application to the 

analysis of sugary samples, in which it was possible to discriminate the presence or not 

of TiO2 particles by Raman technique and distinguish between nanoparticles (<100 nm) 

and microparticles (>100 nm) present in food samples by a capillary electrophoresis 

method. 

 

2. Methods 

2.1. Materials and reagents 

The characteristics and sources of TiO2 (nano)particles are the following: TiO2 anatase 

(5 nm diameter) and TiO2 rutile (60 nm diameter) powders were supplied by 

Nanostructured & Amorphous Materials (Houston, Texas, USA); whereas TiO2 rutile (0.1-

0.2-μm diameter) powder was supplied by Polysciences (Warrington, PA). Phosphoric 

acid (H3PO4) with an 85 % purity, and di-sodium hydrogen phosphate anhydrous 

(Na2HPO4), 98 % purity, were supplied by Panreac (Barcelona, Spain). Sodium hydroxide 

(NaOH) with a 98 % purity, ammonium formate (NH4HCO2), 99 % purity and sodium 

dodecyl sulfate (SDS), 99 % purity, were obtained from Sigma-Aldrich (St. Louis, MO, 

USA). Aqueous buffer solution used for the separation of TiO2NPs was 2.5 mM Na2HPO4 

adjusted at pH 9.5 with 0.1 M of NaOH. Ultrapure water obtained by a Milli-Q system 

(Millipore, Bedford, MA, USA) was used for sample preparations and dilutions prior to 

analysis. 

 

2.2. Instrumentation 

Raman measurements were performed with a portable Raman Spectrometer system 

provided by B&W TEK Inc., known as inno-Ram with a wavelength of 785 nm and a 

maximum laser output power of 348 mW at the system's excitation port and 285 mW 

after exiting the probe. The output laser power in the probe was set to the total 

percentage, because TiO2 particles can endure 100 % laser power without any damage. 

During the measurements, the laser beam was focused to the sample through an 

objective (100X magnification and 1.25 numerical aperture). Raman signals were 

acquired by a CCD array detector cooled to 10 °C. This device allows working at an 

acquisition time ranging from 5 to 65.5 ms. 



Results and discussions  228 
 

 

TiO2 particles separation were carried out in an Agilent Model G1600 AX (Palo Alto, CA, 

USA) CE instrument equipped with a diode array detector. Detection of these particles 

was performed at 200 nm ± 10 nm and 260 nm ± 10 nm. CE voltage was 25 kV. CE 

temperature was 20 °C and hydrodynamic injection mode (50 mbar) was applied for 20 

s. A fused-silica capillary (Análisis Vínicos, Tomelloso, Spain) of 80 cm and 75 µm id was 

used. Capillary was daily conditioned by washing with freshly prepared 0.1 M NaOH for 

10 min followed by deionized water for 10 min and fresh running electrolyte for 10 min 

at pH 9.5. Capillary was also washed with deionized water for 5 min followed by 

electrolyte for 5 min after each complete run. Finally, the capillary must be conditioned 

with deionized water for 5 min, followed by air for 5 min. Thus, the system is ready for 

the next day. 

 

2.3. Description of performed analysis 

The whole procedure followed in this work is schematically shown in Figure 3.3.2.1. For 

screening of TiO2 by the portable Raman spectrometer, sugar samples were spiked with 

TiO2 at different levels and directly analyzed without any further treatment. The Raman 

spectra obtained must provide the binary (yes/no) response about the presence or the 

absence of TiO2 in samples, as well as their crystalline structure (anatase or rutile).  

 

Figure 3.3.2.1. General analytical nanometrological approach for the screening-confirmation of 

titanium dioxide nano/micro-particles in sugary food samples based on Raman spectroscopy - 

capillary electrophoresis. 



229          Rapid screening and quantification of 
nanoparticles in food and beverages using Raman spectroscopy and capillary electrophoresis 

 

CE processes the positive samples in order to distinguish between nanoparticles (<100 

nm) and microparticles (>100 nm) present in the food samples. Spiked sugar samples 

were diluted 1:10 times with 2.5 mM buffer solution (adjusted at pH 9.5 with 0.1 M of 

NaOH) and sonicated for 20 min in order to disperse the TiO2 particles present in these 

samples. After being sonicated, samples were directly injected and analyzed into the 

capillary electrophoresis system. The measurements were carried out by triplicate. The 

CE electropherogram obtained must provide qualitative information to confirm the 

presence of the TiO2NPs in the samples. 

 

3. Results and discussion 

3.1. Raman analysis 

The instrumental variables for Raman measurements were optimized. First, the 

influence of the laser power on the intensity of the recorded spectra was studied. It was 

found that the optimum laser power was 285 mW with a laser wavelength of 785 nm. 

Moreover, spectra were recorded with an acquisition time ranging from 0.5 to 20 s. The 

best conditions, in terms of sensitivity of the spectrum and duration of the data 

acquisition, were 1 s per scan, and each spectrum was the average of 2 scans for a total 

integration time of 2 s. A background scan with the same integration time was collected 

before each sample acquisition to remove the noise. Figure 3.3.2.2 shows Raman 

spectra of pure TiO2 anatase (5 nm diameter) and rutile NPs (0.1-0.2-μm diameter). By 

comparison of anatase (black) and rutile (grey) spectra of TiO2 particles, it can be seen 

that the spectrum of anatase is significantly different from the spectrum of rutile in both, 

the relative intensity and the position of Raman peaks. Anatase form is tetragonal and 

belongs to the space group of D4h. It is known from group theory that there are six active 

modes in Raman: A1g + 2B1g + 3Eg, which are identified at 144 cm-1 (Eg), 197 cm-1 (Eg), 399 

cm-1 (B1g), 513 cm-1 (A1g), 519 cm-1 (B1g) and 639 cm-1 (Eg). These peaks confirm the 

structure of anatase [24]. On the other hand, rutile form exhibit two characteristics 

peaks at 446 cm-1 (Eg) and 610 cm-1 (A1g) [25]. The most informative is Eg band at 144 

cm-1 arising from the external vibration of the anatase structure. Changes in the peak 

(e.g. decreased intensity or broadening) could be indications of local lattice 

imperfections. For Raman screening method, sugar samples were spiked with different 

concentrations of TiO2 anatase (5 nm diameter), rutile (60 nm diameter) and TiO2 rutile 



Results and discussions  230 
 

 

(0.1-0.2-μm diameter) powders. Based on the results for 25 food samples analyzed, the 

cut-off was set when one of the characteristic peaks of TiO2 appear, corresponding to 

TiO2 concentration of 0.1 µg g-1. In this study, it was established a better scenario for 

food sample screening by selecting the lowest sensitive TiO2 particles as a criterion to 

classify samples as negative if TiO2 concentration is < 0.1 µg g-1, and positive responses 

if the total concentration is > 0.1 µg g-1. The final decision, however, can be made by 

subjecting the samples to confirmatory separation and detection CE method. 

 

 

Figure 3.3.2.2. Raman spectra of pure TiO2 anatase (5 nm diameter) and pure rutile TiO2 (60 nm 

diameter). 

 

3.2. Separation and detection of TiO2 particles by CE 

The electrophoretic method was optimized to obtain the appropriate response for the 

separation of TiO2NPs (<100 nm, TiO2 anatase (5 nm diameter) and TiO2 rutile (60 nm 

diameter)) and TiO2 as rutile microparticles (>100 nm, 0.1-0.2 µm diameter). The 

theoretical background for the size-selective electrophoretic separation of these 

particles, as reported by Pyell, was taken into account [26]. From this information a 

better understanding of the principles of the separation is obtained. Thus, the colloid 

concentration is assumed to be small, and hence, the interaction between particles is 
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essentially negligible from a theoretical point of view. If a rigid, charged sphere is placed 

in an electrolyte solution (which is considered to contain point-like cations and anions), 

a so-called ion cloud will be built up, and this surrounds the particle and exactly 

compensates its charge. According to Overbeek and Booth [27], for charged spherical 

particles in an electrophoretic system, different types of forces have to be considered: 

(i) the electrostatic force exerted on the charged particle by the external electrical field; 

(ii) the Stokes friction, due to the viscosity of the surrounding medium; (iii) the 

electrophoretic retardation, due to the electrostatic force exerted on the 

countercharged ion cloud by the external field (movement of the liquid surrounding the 

particle in the opposite to the particle); and (iv) the relaxation effect, due to distortion 

of the ion cloud. In the presence of an external electric field, the ion cloud surrounding 

the particle is not symmetrical (as it is in the absence of the electric field) because to the 

movement of the particle with respect to the ions in the ion cloud. In the presence of an 

external electric field, the ion cloud surrounding the particle is not symmetrical (as it is 

in the absence of the electric field) because to the movement of the particle with respect 

to the ions in the ion cloud. This distorted ion cloud results in a retardation force on the 

migrating particle. It is evident that the relaxation time (and consequently the relaxation 

effect) will depend on the mobility of the ions in the ion cloud. Therefore, in the case of 

a significant relaxation effect, the mobilities of the electrolyte ions have a measurable 

impact on the electrophoretic mobility of nanoparticles and microparticles. 

Chemical variables, which are most influential in the CE analysis, were buffer 

concentration and pH of buffer solution. In this work, four different aqueous electrolytes 

were tested: ammonium formate (NH4HCO2), phosphoric acid (H3PO4), sodium dodecyl 

sulfate (SDS) and di-sodium hydrogen phosphate anhydrous (Na2HPO4). The best results 

were obtained when Na2HPO4 was used. It is worth highlighting the interaction between 

the phosphate groups and the titanium species, which have been studied several times. 

The phosphate group is a hypervalent molecule that contains five bonds involving ten 

electrons [26,27]. Phosphate salts can be formed through ionic bonds between a cation 

and one of the oxygen anions. On the other hand, phosphate species are very common 

in nature and act as a pH buffer, where phosphate ions are strongly adsorbed in most 

metal oxides. It is important to note that the type of metal involved plays a very 

important role. In this case, according to the molecular structure of the phosphate 
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group, the most favourable form for the interaction between the titanium and 

phosphate groups is through a bidentate bridge, although they can interact by the mono 

and tridentate-binding mode. The phosphate groups interact with the surface of the 

titanium species through a strong covalent interaction. This affects the chemistry of the 

surface of metal oxides and the availability of phosphate in natural systems such as P. 

A. Connor et al. reported [26]. They indicated that the phosphate binds strongly as a 

kind of bidentate surface with titanium species. Thus, the optimum concentration of the 

buffer solution was the first parameter to optimize in this case. The effect of buffer 

concentration on the separation of three studied sizes of TiO2 was investigated in the 

range of 1-20 mM. 

The results showed that the optimal concentration was 2.5 mM because of its stability 

in the current and stability in the reproducibility of the measurements. In addition, 

resolution between TiO2 nanoparticles (<100 nm) and microparticles (>100 nm) was 

obtained with this optimum concentration (Figure 3.3.2.3A). The optimum pH for the 

separation of small (<100 nm, TiO2 anatase 5 nm diameter and TiO2 rutile 60 nm 

diameter) and large particles (>100 nm, TiO2 rutile 0.1-0.2-μm diameter) is different, as 

demonstrated by Vanitova et al. [28] in the separation of SiO2NPs. First, the effect of pH 

on the size separation of the two small TiO2NPs mixtures was studied at 2.5 mM 

phosphate buffer in the pH ranging from 6 to 9. In the present case, the separation of 

the small particles of TiO2 (5 and 60 nm) increases with increasing the pH. Under pH 9, 

a noticeable peak resolution was obtained in the electropherogram (Figure 3.3.2.S1). 

The effect of pH on the EOF in the running electrolyte and, therefore, on electrophoretic 

migration and resolution of the three different sizes (small size referred to samples of 5 

and 60 nanoparticles and large particles referred to microparticles) was studied. The pH 

was varied between 9.0 and 10.0, using as the running electrolyte solution at 2.5 mM 

ionic strength (adjusted with 0.1 M of NaOH). From the pH-dependence of the apparent 

mobility of the studied TiO2, a pH value of 9.5 resulted as the optimum value for the 

separation. This pH produced a good resolution for the separation of TiO2 at 5 and 60 

nm and 0.1-0.2-μm sizes (Figure 3.3.2.3B). TiO2 migrated to the cathode, from the small 

size to the big size; increasing migration times (see Figures 3.3.2.3C and 3D). It is known 

that electroosmotic and electrophoretic velocities are very important in the separation 

and detection of analytes in CE. The effect of applied voltage and capillary temperature 
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are crucial. So, the use of highest voltages possible will result in the shortest times for 

the separation. Theory predicts that short separation times will give the highest 

efficiencies since diffusion is the most important feature contributing to band 

broadening. Temperature control is crucial to reproducible separations in CE. The 

limiting factor is Joule heating, that is the process by which the passage of an electric 

current through a conductor releases heat. In this work, the effect of applied voltage 

was tested in the range 20-30 kV. The results showed that the migration times were 

shortened with an increased applied voltage. However, a decrease in resolution was also 

obtained. Thus, the optimum applied voltage was 25 kV and it was selected for the good 

resolution between TiO2NPs (<100 nm, TiO2 anatase 5 nm diameter and TiO2 rutile 60 

nm diameter) and TiO2 microparticles (>100 nm, TiO2 rutile 0.1-0.2-μm diameter). It is 

important to remark that the capillary dimension was 75 µm × 80 cm. 

 

 

Figure 3.3.2.3. CE recordings for the confirmation method. (A) resolution between TiO2 

nanoparticles (<100 nm) and microparticles (>100 nm); (B) resolution for the separation of TiO2 

at 5 and 60 nm, and in the 0.1-0.2 μm size range; (C) sample only containing microparticles of 

TiO2; and (D) sample only containing nanoparticles of TiO2. Particle sizes: A = 5 nm; B = 60 nm; C 

= 0.1-0.2 μm. 
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In addition, best results were obtained when capillary temperature was set at 20 °C in 

resolution terms. Injection pressure was also important for the separation of particles. 

For this reason, the effect of injection pressure was tested in the range 10-50 mbar in 

order to improve the results. A pressure of 50 mbar was selected because the rest 

pressures were not sufficient to separate the TiO2 particles. The last instrumental 

parameter to optimize was injection time, which it was varied between 5 and 20 s. 

Sensitivity increase when injection time was increased. Finally, 20 s was selected as the 

optimum value. All measurements were carried out at absorption wavelengths of 200 

nm and 260 nm. The precision of the method, expressed as relative standard deviation 

(RSD) values, is lower than 5.3 % in all cases. Moreover, practical LOD is defined as the 

minimum level at which TiO2 particles can be detected by CE in the samples with 

acceptable accuracy (>80 %) and precision (<10 %), expressed in ng mL−1 were 20, 15 

and 30 for TiO2 at 5, 60 nm and 0.1-0.2-μm diameter sizes, respectively. 

 

3.3. Applications 

There is concern about the presence of TiO2 nanoparticles in white powdered sugar used 

in industrial baking. Hence, the interest of this type of analytical control from a food 

safety point of view. And more and more the interest of simple and low-cost analytical 

approaches for this purpose in routine analytical laboratories. Thus, in this case, the in-

situ screening of TiO2 in sugary samples, using a portable Raman spectrometer, was 

carried out (Figure 3.3.2.4). Positive samples were then confirmed by the capillary 

electrophoresis method, in order to distinguish between TiO2 nanoparticles (<100 nm) 

and TiO2 particles (>100 nm) present in the samples. As this additive was not found in 

the analyzed sugary samples, 10 g of sugar was exactly weighed and was spiked in the 

range of 0.1-0.5 µg g-1 with a mixture of 5, 60 nm and 0.1-0.2-μm sizes TiO2 particles. 

The prepared samples and the result obtained are listed in Table 3.3.2.1. 

 

 

 

 

 



235          Rapid screening and quantification of 
nanoparticles in food and beverages using Raman spectroscopy and capillary electrophoresis 

 

Table 3.3.2.1. Application of the screening and confirmation methods to validate the strategy 

developed to detect the presence of TiO2 particles in sugary samples. 

Samples 

TiO2 particles Added (µg g-1) Raman screening method 
CE confirmation of presence of 

nanoparticles 

Final 

decision 

5 nm 

Anatase 

60 nm 

Rutile 

0.1-0.2μm 

Rutile 

Result 

(TiO2 presence) 
Decision 

5 nm 

Anatase 

60 nm 

Rutile 

0.1-0.2μm 

Rutile 
 

S1 0 0 0 No End - - - No 

S2 0 0.1 0.1 Yes / rutile 
Presence of 

NPs? 
No Yes Yes Yes 

S3 0.2 0 0 Yes / anatase 
Presence of 

NPs? 
Yes No No Yes 

S4 0 0.2 0 Yes / rutile 
Presence of 

NPs? 
No Yes No Yes 

S5 0 0 0.2 Yes / rutile 
Presence of 

NPs? 
No No Yes No 

S6 0.2 0.2 0.2 
Yes / rutile and 

anatase 

Presence of 

NPs? 
Yes Yes Yes Yes 

S7 0.2 0.2 0 
Yes / rutile and 

anatase 

Presence of 

NPs? 
Yes Yes No Yes 

S8 0.5 0 0 Yes / anatase 
Presence of 

NPs? 
Yes No No Yes 

S9 0 0 0.5 Yes / rutile 
Presence of 

NPs? 
No No Yes No 

S10 0 0.5 0 Yes / rutile 
Presence of 

NPs? 
No Yes No Yes 

 

Figure 3.3.2.4A shows the Raman spectra obtained for non-spiked sugary sample 

(sample S1). The electrophoretic method confirms the absence of TiO2 particles (Figure 

3.3.2.4B). Then, the sample was spiked at both, different levels and particle sizes of TiO2 

particles, and afterwards determined by Raman spectroscopy. Figure 3.3.2.4C shows a 

Raman recording obtained at 0.2 µg g-1 by each size of TiO2 particles (sample S6). As it 

can be seen in Figure 3.3.2.4C, the presence of peaks at 640, 519, 399 and 144 cm-1 

confirms the presence of anatase structure in the sample. On the other hand, peaks at 

446 and 610 cm-1 confirm the presence of rutile structure in sugar samples. Sample S10 

is another example in which the presence of rutile structure is confirmed in Raman 

spectroscopy. In this case, only 446 and 610 cm-1 peaks were obtained. In order to 

ensure the presence of TiO2NPs in positive sample (sample S6), this sample was diluted 

with a 2.5 mM buffer solution (pH 9.5, adjusted with 0.1 M of NaOH) and sonicated for 

20 min in order to disperse the TiO2 particles. After being sonicated, sample was injected 

directly into the capillary electrophoresis system by triplicate. CE corresponding 
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electropherogram provides qualitative information to confirm the presence TiO2NPs 

(Figure 3.3.2.4D). Figures 3.3.2.4A and 4B demonstrated that screening and 

confirmatory methods are free of interferences coming from sample matrix. 

 

 

Figure 3.3.2.4. Analysis of sugary samples: (A) Raman spectra of non-spiked sugary sample 

(sample S1); (B) CE electropherogram of non-spiked sugary sample; (C) Raman spectra obtained 

for 0.2 µg g-1 by each size of TiO2 particles (sample S6); and (D) CE electropherogram for the 

confirmation of the presence TiO2NPs. 

 

4. Conclusions 

From this work, the strategic use of Raman and CE techniques appear to be a promising 

analytical combination for the screening of specific microparticles/nanoparticles in 

samples, such as TiO2 in food samples, where there is a concern about the potential 

health risk of the nanoparticle forms. The peculiarity of Raman lies is its capability to 

detect the presence of the analyte, and to obtain information about the structure of 

TiO2 present in food samples. CE is a powerful technique for the separation and 

characterization of the different nano/micro-particles present in the samples. The main 

advantages of this analytical nanometrological screening-confirmation approach are the 

following: (i) the simplification (reduction) of the processing of sample batches (very 
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important for routine/control laboratories); (ii) the rapidity of the analyses; (iii) the 

reduction of the use of more sophisticated instrumentation for negative samples; and 

(iv) the overall approach can be expanded to the analysis of other nanoparticles in 

different matrices. Only positive samples will be subjected to the completely 

confirmative analytical method. On the other hand, some limitations of the use of CE-

DAD has low sensitivity to detect lower amount of titanium in food samples. This 

problem could be solved by using more sensitive detectors such as ICP-AES and ICP-MS 

coupled to CE. Moreover, other kind of samples which include titanium, can be detected 

by using this methodology. It is important to remark the urgent needed of analytical 

nanometrological methods for food safety and control, where more and more 

nanoparticles are present, with the probable toxicological effects not very well known 

today, and in the absence of a specific legislation for controlling nanoparticles in food 

samples. As Whitesides stated, speaking on ‘reinventing Chemistry’ [29], one of the 

most crucial steps in the new research activities is the development of innovative 

analytical techniques that make possible relevant measurements. Analytical 

nanometrology connect to this new challenge on the measurements of the nano-world 

in specific matrices. 
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SUPPLEMENTARY INFORMATION 

 

 

Figure 3.3.2.S1. Electrophoretic separation of two small particles (5 and 60 nm) at different pH. 

A: pH 9; B: pH 8; C: pH 7 and D: pH 6. Conditions: capillary (80 cm length × 75 μm i.d.); capillary 

temperature 20 °C; hydrodynamic injection of 20 s; applied voltage 25 kV; buffer 2.5 mM di-

sodium hydrogen phosphate; detection wavelengths at 200 nm.
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4. CONCLUSIONS / CONCLUSIONES 
 

 

 

 

he research performed in this Doctoral Thesis is centered on the development 

and validation of analytical methods focused on the determination and 

characterization of nanomaterials and nanoparticles in food samples. That is 

why most of the work developed is focused on the exploitation of the properties 

of nanomaterials. Following the general outline of this Memory, the main conclusions 

of each of the aspects addressed are listed below. 

Conclusions of this work have been compiled taking into account their general and 

specific connotations. 

 

T 
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General conclusions 

The main contribution of this Doctoral Thesis has been to provide new analytical 

methodologies that allow the incorporation of nanomaterials, or improve existing ones, 

for the control of waste in food samples. In addition, it has also been possible to know 

the degree of influence after the stage of synthesis and / or modification, as well as its 

behavior from the analytical point of view, in order to be able to apply them as analytical 

tools in analytical detection and quantification processes. 

On the other hand, different analytical methodologies have been developed 

incorporating nanomaterials as analytical tools for the detection and determination of 

a wide variety of analytes in various samples, these being developed and validated such 

as: 

▪ Determination of mycotoxins in maize samples. 

▪ Determination of pyridoxine (vitamin B6) in food and pharmaceutical samples. 

▪ Determination of pesticides in water and fruit juices. 

▪ Screening and confirmation of titanium dioxide nano/microparticles in sugary 

samples. 

▪ Detection and determination of sulfapyridine in milk samples. 

▪ Detection and determination of multiwalled carbon nanotubes in water samples. 

▪ Detecction of rhodamine B in food samples. 

 

Specific conclusions 

▪ Hybrid nanoparticles based on magnetic multiwalled carbon nanotube-

nanoC18SiO2 composites for solid phase extraction of mycotoxins prior to their 

determination by LC-MS. 

A simple procedure for magnetic solid phase extraction has been developed, 

presenting several advantages compared to traditional solid phase extraction 

methods. This, in turn, simplifies the treatment of the sample. The synthesized 

hybrid nanoparticles are applied for the extraction of mycotoxins in corn 

samples. The magnetic property of the synthesized sorbent presents a great 

chemical resistance, allowing the nanomaterials to be reused up to six times. It 

has been shown that retention not only depends on the polarity of the 

compounds analyzed but is also related to the interactions between analytes and 

carbon nanotubes. 



Conclusions   246 
 

 

▪ Decoration of multi-walled carbon nanotubes with metal nanoparticles in 

supercritical carbon dioxide medium as a novel approach for the modification of 

screen-printed electrodes. 

A method of detection and quantification of pyridoxine has been developed with 

an improvement in sensitivity with respect to other working electrodes based on 

carbon. One of the most important aspects has been the use of supercritical 

carbon dioxide for the manufacture of nanomaterials based on the decoration 

of carbon nanotubes with metallic nanoparticles. The use of the supercritical 

medium allows simple and fast decoration and represents a new approach for 

the preparation of nanomaterials for electrochemical analysis. 

▪ Synthesis of hybrid magnetic carbon nanotubes - C18-modified nano SiO2 under 

supercritical carbon dioxide media and their analytical potential for solid-phase 

extraction of pesticides. 

A simple and fast method has been developed for obtaining new sorbents under 

supercritical carbon dioxide conditions for the extraction of pesticides in water 

samples and fruit juices. This method allows obtaining magnetic nanoparticles. 

This process was compared with the conventional method, resulting in the 

mixture of both the most effective for the extraction of pesticides. In addition, 

optimal nanomaterials can be reused at least ten times, which makes the 

proposed methodology an ecological strategy for the rapid and direct analysis of 

pesticides. 

▪ Analytical nanometrological approach for screening and confirmation of 

titanium dioxide nano/micro-particles in sugary samples based on Raman 

spectroscopy - capillary electrophoresis. 

A methodology for a screening system for characterization and distinction 

between nano / microparticles of titanium dioxide in samples of sugary foods 

has been developed. The first step involves the confirmation of the presence of 

titanium dioxide without the need to pre-treat the samples and, for those with 

positive responses, the second step is based on the use of capillary 

electrophoresis, which allows to distinguish between nanoparticles and 

microparticles In addition, it is possible to separate them by the electrophoretic 

system. The general procedure is simple, fast and low cost, providing a valuable 

analytical tool in the field of food safety and control, thus contributing to the 

development of analytical nanometrology. 

▪ Evaluation of a hybrid surface enhancement Raman scattering substrate for the 

determination of sulfapyridine in milk samples. 

A rapid and simple surface-activated Raman scattering substrate has been 

manufactured for the detection and quantification of sulfapyridine in milk 
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samples, without previous preconcentration steps. The resulting hybrid 

nanocomposite has a large surface that is capable of detecting this target 

analyte. The process for making the substrate combines the properties of multi-

walled carbon nanotubes and gold nanoparticles, providing satisfactory results 

in terms of accuracy. In addition, the proposed methodology can be carried out 

with small amounts of analyte. 

▪ Fabrication of a SERS substrate for the determination of multiple wall carbon 

nanotubes in water samples. 

The manufacture of a substrate has been developed to improve the Raman 

dispersion in order to increase the sensitivity and detect multiple wall carbon 

nanotubes in water samples. This approach allows a low manipulation of the 

nanomaterials (taking into account their toxicity), and the procedure is carried 

out in a simple and fast way. The methodology developed has been successfully 

applied to the quantitative study of multiple wall carbon nanotubes, with an 

improvement in sensitivity. 

▪ Green synthesis of copper selenide-reduced graphene oxide and its application 

in SERS for the detection of Rhodamine B in chili powder. 

A sustainable process for the reduction of oxidized graphene by supercritical 

fluids and its subsequent decoration with copper selenide nanoparticles has 

been carried out. This process supposes a favorable and respectful way with the 

environment through the use of supercritical carbon dioxide, avoiding the use of 

dangerous chemical agents. The synthesized nanomaterial has been used as a 

surface-amplified Raman dispersion substrate for the determination of 

rhodamine B in food samples. 

▪ Green synthesis of nanomaterials in supercritical media for analytical purposes. 

This review has highlighted the role of supercritical fluids in the field of 

nanotechnology for the synthesis and extraction of nanomaterials for analytical 

purposes. In this context, the main mechanisms and the fundamental aspects of 

thermodynamic and kinetic factors have been addressed, as well as the synthesis 

of different nanostructures that use supercritical carbon dioxide. In addition, 

direct synthesis has been reported using this technique, suggesting several 

strategies to improve the real methods, procedures and synthesis for future 

research directions. 
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a investigación realizada en la presente Tesis Doctoral se ha centrado en el 

desarrollo y validación de métodos analíticos enfocados en la determinación y 

caracterización de nanomateriales y nanopartículas en muestras alimentarias. Es 

por ello por lo que la mayor parte del trabajo desarrollado se centra en la 

explotación de las propiedades de los nanomateriales. Siguiendo el esquema general de 

esta Memoria, las conclusiones principales de cada uno de los aspectos abordados se 

recogen a continuación. 

Las conclusiones de este trabajo han sido compiladas teniendo en cuenta connotaciones 

generales y específicas. 

 

Conclusiones generales 

La principal contribución de la presente Tesis Doctoral ha sido aportar nuevas 

metodologías analíticas que permitan incorporar nanomateriales, o mejorar las ya 

existentes, para el control de residuos en muestras de alimentos. Además, también ha 

sido posible conocer el grado de influencia tras la etapa de síntesis y/o modificación, así 

como su comportamiento desde el punto de vista analítico, con el fin de poder aplicarlas 

como herramientas analíticas en la detección analítica y procesos de cuantificación. 

Por otro lado, se han desarrollado diferentes metodologías analíticas incorporando 

nanomateriales como herramientas analíticas para la detección y determinación de una 

gran variedad de analitos en diversas muestras, siendo éstas desarrolladas y validadas 

tales como: 

▪  Determinación de micotoxinas en muestras de maíz. 

▪ Determinación de piridoxina (vitamina B6) en muestras farmacéuticas y de 

alimentos. 

▪ Determinación de pesticidas en aguas y zumos de frutas. 

▪ Sistema de cribado y detección de nano/micropartículas de dióxido de titanio en 

muestras azucaradas. 

▪ Detección y determinación de sulfapiridina en muestras de leche. 

▪ Detección y determinación de nanotubos de carbono de pared múltiple en 

muestras de agua residuales. 

▪ Detección de rodamina B en muestras alimentarias. 

 

 

 

L 
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Conclusiones específicas 

▪ Nanopartículas híbridas basadas en compuestos de nanotubos de carbono 

magnéticos de paredes múltiples-nanoC18SiO2 para la extracción en fase sólida 

de micotoxinas antes de su determinación por LC-MS. 

Se ha desarrollado un procedimiento simple para la extracción en fase solida 

magnética, presentando varias ventajas en comparación con los sistemas de 

extracción en fase sólida tradicional. Esto a su vez, simplifica el tratamiento de la 

muestra. Las nanopartículas hibridas sintetizadas se aplicaron para la extracción 

de micotoxinas en muestras de maíz. La propiedad magnética del sorbente 

sintetizado presenta una gran estabilidad química, permitiendo a los 

nanomateriales ser reutilizados hasta seis veces. Se ha demostrado que la 

retención no solo depende de la polaridad de los compuestos analizados sino que 

también está regida por las interacciones entre los analitos y los carbon 

nanotubes. 

▪ Decoración de nanotubos de carbono de pared múltiple con nanopartículas 

metálicas usando dióxido de carbono supercrítico como medio de reacción para 

la modificación de electrodos serigrafiados. 

Se ha desarrollado un método de detección y cuantificación de piridoxina con una 

mejora en la sensibilidad con respecto a otros electrodos de trabajo basados en 

carbono. Uno de los aspectos más importantes ha sido el uso de dióxido de 

carbono supercrítico para la fabricación de nanomateriales basados en la 

decoración de nanotubos de carbono con nanopartículas metálicas. El uso del 

medio supercrítico permite la decoración simple y rápida, y representa un nuevo 

enfoque para la preparación de nanomateriales para el análisis electroquímico. 

▪ Síntesis de nanotubos de carbono magnéticos híbridos modificados con C18 nano 

SiO2 dióxido de carbono supercrítico como medio de reacción y su potencial 

analítico para la extracción en fase sólida de pesticidas. 

Se ha desarrollado un método simple y rápido para la obtención de nuevos 

sorbentes bajo condiciones de dióxido de carbono supercrítico para la extracción 

de pesticidas en muestras de agua y zumos de frutas. Este método permite la 

obtención de nanopartículas magnéticas. Este proceso fue comparado con el 

método convencional, resultando ser la mezcla de ambas la más efectiva para la 

extracción de pesticidas. Además, los nanomateriales óptimos pueden 

reutilizarse al menos diez veces, lo que hace que la metodología propuesta sea 

una estrategia ecológica para el análisis rápido y directo de pesticidas. 
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▪ Enfoque nanométrico analítico para el cribado y la confirmación de 

nano/micropartículas de dióxido de titanio en muestras azucaradas basadas en 

la espectroscopía Raman-electroforesis capilar. 

Se ha desarrollado una metodología para un sistema de cribado de 

caracterización y distinción entre nano / micropartículas de dióxido de titanio en 

muestras de alimentos azucarados. El primer paso implica la confirmación de la 

presencia de dióxido de titanio sin necesidad de hacer pretratamientos a las 

muestras y, para las aquellas con respuestas positivas, el segundo paso se basa 

en el uso de la electroforesis capilar, el cual permite distinguir entre 

nanopartículas y micropartículas. Además, es posible separarlas mediante el 

sistema electroforético. El procedimiento general es simple, rápido y de bajo 

costo, proporcionando una valiosa herramienta analítica en el campo de la 

seguridad y el control de los alimentos, contribuyendo así al desarrollo de la 

nanometrología analítica. 

▪ Evaluación del aumento de la luz dispersada por Raman utilizando un sustrato 

híbrido para la determinación de la sulfapiridina en muestras de leche. 

Se ha fabricado un sustrato de dispersión Raman amplificada por superficies 

rápido y sencillo para la detección y cuantificación de sulfapiridina en muestras 

de leche, sin pasos previos de preconcentración. El nanocompuesto híbrido 

resultante tiene una superficie grande que es capaz de detectar este analito 

objetivo. El procedimiento para fabricar el sustrato combina las propiedades de 

nanotubos de carbono de paredes múltiples y nanopartículas de oro, 

proporcionando resultados satisfactorios en términos de precisión. Además, la 

metodología propuesta puede llevarse a cabo con pequeñas cantidades de 

analito. 

▪ Fabricación de un sustrato SERS para la determinación de nanotubos de carbono 

de pared múltiple en muestras de agua. 

Se ha desarrollado la fabricación de un sustrato para mejorar la dispersión de 

Raman con el fin de aumentar la sensibilidad y detectar nanotubos de carbono 

de pared múltiple en muestras de aguas. Este enfoque permite una baja 

manipulación de los nanomateriales (teniendo en cuenta su toxicidad), y el 

procedimiento es llevado a cabo de una manera simple y rápida. La metodología 

desarrollada ha sido satisfactoriamente aplicada al estudio cuantitativo de 

nanotubos de carbono de pared múltiple, con una mejora en la sensibilidad. 

▪ Síntesis sostenible de óxido de grafeno reducido dopado con nanopartículas de 

seleniuro de cobre y su aplicación en SERS para la detección de Rodamina B en 

muestras de chile en polvo. 
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Se ha llevado a cabo un procedimiento sostenible para la reducción del grafeno 

oxidado mediante fluidos supercríticos, y su posterior decoración con 

nanopartículas de seleniuro de cobre. Este proceso supone una vía favorable y 

respetuosa con el medio ambiente mediante el uso de dióxido de carbono 

supercrítico, evitando el uso de agentes químicos peligrosos. El nanomaterial 

sintetizado ha sido empleado como sustrato de dispersión Raman amplificada 

por superficies para la determinación de rodamina B en muestras alimentarias. 

▪ Síntesis sostenible de nanomateriales en medios supercríticos con fines 

analíticos. 

Esta revisión ha puesto de manifiesto el papel de los fluidos supercríticos en el 

campo de la nanotecnología para la síntesis y extracción de nanomateriales con 

fines analíticos. En este contexto, se han abordado los principales mecanismos y 

los aspectos fundamentales de los factores termodinámicos y cinéticos, así como 

la síntesis de diferentes nanoestructuras que utilizan el dióxido de carbono 

supercrítico. Además, se ha informado de la síntesis directa mediante esta 

técnica, sugiriendo varias estrategias para mejorar los métodos reales, los 

procedimientos y la síntesis para futuras direcciones de investigación. 
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5. SCIENTIFIC SELF-ASSESSMENT / 

AUTOEVALUACIÓN CIENTÍFICA 
 

 

 

he preparation of this Memory, together with the experience gained during the 

development of this Doctoral Thesis, has provided an objective overview of the 

work presented herein. In this section, a critical assessment of the results 

achieved has been conducted to evaluate, on the one hand, the main 

contributions that the work can provide to the scientific community and, on the other 

hand, the drawbacks and shortcomings with a view to planning further investigations. 

Note that this Doctoral Thesis has contributed with a total of 8 scientific articles (5 of 

them already published and 3 in press) as well as a great number of communications in 

national and international conferences. 

The developed works have demonstrated the possibility of using new methodologies to 

carry out the synthesis, characterization and determination of nanoparticles of different 

nature. In addition, it has proven useful as analytical tools for the control of waste in 

food samples and, on the other hand, the use of nanomaterials as objects. However, 

apart from these contributions has also been conducted a critical assessment that takes 

into account the shortcomings and difficulties encountered in the along experimental 

period. 

The main limitations of the developed research are described below: 

The sorbents nanomaterials developed for the extraction of different analytes have been 

applied off-line. Perhaps, a future progress in this aspect would be the development of 

extraction in magnetic solid phase on line, because its advantages such as: shorter time 

of sample preparation, the risk of contamination is reduced, improvement in the 

precision and the operators do not are exposed to infectious materials. In addition, all 

the extract is transferred to the analytical column, so the sensitivity of the on-line method 

increases. 

T 
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However, on-line methods still have some challenges. One of the main challenges is to 

optimize the preconcentration and elution procedures to achieve a satisfactory precision 

in a single execution for a class of compounds with different physicochemical variables. 

In addition, the coupling of solid phase extraction on-line with techniques such as UHPLC 

(Ultra High efficiency Liquid Chromatography) is not easy due to the high back pressure 

generated by the use of high flow rates with a column of low particle size (< 2 μm). On 

the other hand, computers are often expensive, with low portability and matrix effects, 

among others. 

▪ The chemical or covalent functionalization of the carbon nanotubes generally 

results in changes of sp2 to sp3 hybridization and, therefore, a loss in conjugation. 

One of the drawbacks of this method is the structural damage to the walls of the 

nanotubes that, together with it is an irreversible process; the advantage is the 

improvement of its solubility. Carbon nanotubes decorated with metallic 

nanoparticles have proven to be a great alternative, with a wide variety of 

applications. The functionalization and subsequent anchoring provides greater 

driving force for the self-assembly, homogeneity and decrease in the size of the 

nanoparticles. Therefore, the combination between nanoparticles and carbon 

nanotubes can provide more advantages than the individual materials. These 

hybrid nanomaterials have unique physical and chemical properties. Controlling 

their size, shape and chemistry can be the basis for nanodevices such as sensors, 

catalysis, and other applications. For all the above, the decoration of carbon 

nanotubes with nanoparticles has been one of the great contributions of this 

Memory. 

▪ Raman spectroscopy has proven to be a quick and simple tool for the 

determination of the analytes discussed throughout this report, but the low heat 

dissipation capacity of carbon nanotubes limits its measurement in solid state, 

unless the equipment allows to work with very low laser powers. In this sense, 

the use of a confocal Raman spectrometer with a charge detector coupled with 

an electron multiplier improves sensitivity, despite the use of low laser powers. 

One of the limitations in this aspect has been the use of a single type of laser (785 

nm) because the portable Raman used does not allow working with more types 

of lasers. The use of this laser with carbon samples can damage them, due to 

being very close to the infrared. Another limitation is the fluorescence 

interference due to the use of this laser, avoiding obtaining better limits of 

detection. In any case, these methods can be a first approximation to the 

quantification of the nanomaterials studied in food samples using a portable 

Raman. 
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▪ Due to a new sustainable methodology has been developed using supercritical 

carbon dioxide for the reduction of oxidized graphene, the characterization of the 

synthesized nanomaterials could have been more robust. A study of the surface 

could have been carried out in order to better understand how this is affected 

when high pressures are applied, and graphene layers may be affected. The use 

of an atomic force microscope together with a study of adsorption mechanisms 

could have provided much information in this regard. In this regard, it should be 

noted that the availability of a varied instrumentation would have enabled us to 

conduct a more comprehensible characterization and hence a better 

understanding of the behavior of nanoparticles studied. 

In general, from the point of view of the use of such nanomaterials as analytical tools, it 

should be take into account that despite the great contributions that may incur, there 

are still some challenges for implementation in laboratories because of their high 

toxicity, control, properties, costs, reproducibility and largely biocompatibility 

limitations. Therefore, it is especially important to focus its study to propose solutions to 

these challenges. 

Despite significant limitations that need to still be overcome, it has demonstrated its 

exponential progress in recent decades, and the proposal of new challenges and 

opportunities that these nanomaterials offer, so no doubt will involve powerful analytical 

tools that provide solutions to many of the problems that arise tat present in different 

areas. 
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a redacción de esta Memoria, junto con la experiencia adquirida durante el 

desarrollo de esta Tesis Doctoral, ha proporcionado una visión general y objetiva 

del trabajo presentado. En esta sección se lleva a cabo una autoevaluación crítica 

de los resultados obtenidos con el fin de valorar, por un lado, las principales aportaciones 

del trabajo a la comunidad científica, así como analizar las limitaciones con vistas a 

planificar futuras investigaciones. 

Cabe destacar que la presente Tesis Doctoral ha contribuido con un total de 8 artículos 

científicos (5 de ellos ya publicados y 3 en proceso de publicación) así como un gran 

número de comunicaciones en congresos tanto nacionales como internacionales. 

Los trabajos desarrollados han demostrado la posibilidad de utilizar nuevas 

metodologías para llevar a cabo la síntesis, caracterización y determinación de 

nanopartículas de diferente naturaleza. Además, se ha demostrado su utilidad como 

herramientas analíticas para el control de residuos en muestras de alimentos y, por otro 

lado, el empleo de nanomateriales como objetos. Sin embargo, además de estas 

aportaciones también se ha llevado una evaluación crítica en la que se han tenido en 

cuenta las carencias y dificultades encontradas a lo largo del periodo experimental. 

Las principales limitaciones de la investigación desarrollada se describen a continuación: 

▪ Los nanomateriales sorbentes desarrollados para la extracción de diferentes 

analitos han sido aplicados fuera de línea. Quizás, un futuro progreso en este 

sentido sería el desarrollo de extracción en fase sólida magnética en línea, debido 

a que sus ventajas tales como: menor tiempo de preparación de muestra, se 

reduce el riesgo de contaminación, mejora en la precisión y los operadores no 

están expuestos a materiales peligrosos. Además, todo el extracto se transfiere 

a la columna analítica, por lo que la sensibilidad del método en línea aumenta. 

Sin embargo, los métodos en línea todavía tienen algunos desafíos. Uno de los 

principales desafíos es optimizar los procedimientos de preconcentración y 

elución para lograr una precisión satisfactoria en una sola ejecución para una 

clase de compuestos con diferentes variables fisicoquímicas. Además, el 

acoplamiento de extracción en fase sólida en línea con técnicas como UHPLC 

(Cromatografía Líquida de ultra Alta Eficacia) no es fácil debido a la alta 

contrapresión generada por el uso de caudales elevados con una columna de bajo 

L 
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tamaño de partículas (< 2 μm). Por otro lado, los equipos suelen ser costosos, con 

una baja portabilidad y efectos de matriz, entre otros. 

▪ La funcionalización química o covalente de los nanotubos de carbono, 

generalmente da lugar a cambios de hibridación de sp2 a sp3 y, con ello, una 

pérdida en la conjugación. Uno de los inconvenientes de este método son los 

daños estructurales en las paredes de los nanotubos que, junto a que es un 

proceso irreversible; la ventaja es la mejora de su solubilidad. Los nanotubos de 

carbono decorados con nanopartículas metálicas han demostrado ser una gran 

alternativa, con una gran variedad de aplicaciones. La funcionalización y 

posterior anclaje proporciona mayor fuerza impulsora para el autoensamblaje, 

homogeneidad y disminución del tamaño de las nanopartículas. Por ello, la 

combinación entre nanopartículas y nanotubos de carbono puede proporcionar 

más ventajas que los materiales individuales. Dichos nanomateriales híbridos 

poseen propiedades físicas y químicas únicas. Si se controla su tamaño, forma y 

química, pueden servir de base para nanodispositivos como sensores, catálisis, y 

otras aplicaciones. Por todo lo anterior, la decoración de nanotubos de carbono 

con nanopartículas ha sido una de las grandes aportaciones de esta Memoria. 

▪ La espectroscopia Raman ha demostrado ser una herramienta rápida y simple 

para la determinación de los analitos comentados a lo largo de esta Memoria, 

pero la baja capacidad de disipación de calor de los nanotubos de carbono limita 

su medida en estado sólido, a menos que el equipo permita trabajar con 

potencias de láser muy bajas. En este sentido, el uso de un espectrómetro Raman 

confocal con un detector de carga acoplada con multiplicador de electrones 

mejora la sensibilidad, a pesar de usar potencias de láser bajas. Una de las 

limitaciones en este aspecto ha sido el uso de un solo tipo de láser (785 nm) 

debido a que el Raman portátil utilizado no permite trabajar con más tipos de 

láseres. El uso de este láser con muestras de carbono puede dañarlas, debido a 

estar muy cercano al infrarrojo. Otra limitación es la interferencia de 

fluorescencia debido al uso de este láser, evitando obtener mejores límites de 

detección. De cualquier forma, estos métodos pueden ser una primera 

aproximación a la cuantificación de los nanomateriales estudiados en muestras 

alimentarias usando un Raman portátil. 
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▪ Debido a que se ha desarrollado una nueva metodología sostenible utilizando 

dióxido de carbono supercrítico para la reducción del grafeno oxidado, la 

caracterización de los nanomateriales sintetizados podría haber sido más 

robusta. Se podría haber llevado a cabo un estudio de la superficie con el fin de 

entender mejor como se ve afectada ésta cuando se aplican elevadas presiones, 

pudiendo verse afectadas las capas de grafeno. El empleo de un microscopio de 

fuerza atómica junto con un estudio de mecanismos de adsorción podría haber 

aportado gran información al respecto. En este sentido, se debe tener en cuenta 

que la disponibilidad de una instrumentación variada nos hubiese permitido 

llevar a cabo una caracterización más exhaustiva y, por lo tanto, una mayor 

comprensión del comportamiento de las nanopartículas estudiadas. 

Se puede decir en general que, desde el punto de vista del uso de este tipo de 

nanomateriales como herramienta analítica, se debe tener en cuenta que pese a las 

grandes aportaciones que pueden proporcionar, todavía existen grandes retos para su 

implantación en los laboratorios de rutina debido a su elevada toxicidad, control de sus 

propiedades, costes, reproducibilidad y, en gran medida, sus limitaciones relacionadas 

con la biocompatibilidad. Por lo tanto, es de gran interés focalizar su estudio para 

proponer soluciones a todos estos retos. 

Pese a las importantes limitaciones que aún deben superarse, ha quedado demostrado 

el gran avance en las últimas décadas, así como la propuesta de nuevos retos y 

oportunidades que estos nanomateriales ofrecen, por lo que no cabe duda que 

supondrán ser potentes herramientas analíticas que aporten soluciones a muchos de los 

problemas que se plantean en la actualidad en los diversos ámbitos.
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Annexe I. Green synthesis of nanomaterials in supercritical media – 

towards analytical applications 

 

ABSTRACT 

A critical overview of the role that supercritical fluids (SCFs) play on nanotechnology field 

for the synthesis and extraction of nanomaterials for analytical purposes is presented. 

This role has clear influence in the development of new analytical tools based on the 

involvement of nanomaterials in analytical processes. It is given a general view of the 

principal mechanisms and the fundamental thermodynamic and kinetic aspects. Then, 

the review is structured on the supercritical fluids-based techniques and the synthesis 

of several types of nanostructures, such as metallic and magnetic nanoparticles, carbon 

structures, and nanocomposites by using supercritical carbon dioxide (scCO2). The most 

important characteristics of all nanostructures and the different types of nanomaterial 

that can be produced are emphasized. Finally, the direct synthesis of nanoparticles by 

using SCF technique is also reported. Based on a critical evaluation and analysis of the 

current stay-of-the-art, several strategies for improving the actual methods, procedures 

and synthesis for future research directions are suggested. The advantages and 

limitations of using such nanomaterials by scCO2 and possible alternatives to overcome 

these limitations are also discussed. 

 

Keywords 

Nanomaterials; Analytical nanometrology; Green synthesis; Supercritical media; 

Analytical uses. 
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1. Introduction  

Nanoscience and Nanotechnology (N&N) have an important impact in analytical science, 

with a clear break point in the evolution of this scientific discipline in this century [1]. 

The availability of nanomaterials (NMs) and nanoparticles (NPs) as tools involved in 

analytical methods is decisive for the development of one of the sides of the Analytical 

Nanoscience and Nanotechnology (AN&N). Hence, the synthesis and the properly 

preparation of such tools are initial starting points. One of the best advantages NMs 

present are that their properties depend on the size of nanoparticle. More important, 

the properties at the nanoscale level are, generally, different than those properties of 

the bulk analogue material. These exceptional properties of NMs are due to the 

appearance of the quantum effect because of the dramatic reduction of the size (lower 

than 100 nm). New energetic levels are created, with an important increase of the 

surface/volume ratio (very high specific surface) and presenting more chemical active 

surface. 

There are two general synthesis approaches for nanostructured materials: top-down 

and bottom-up processes. The top-down approach is based on the production of nano-

scale materials by physically or chemically breaking down larger materials. On the other 

hand, bottom-up approach is based on assembling NMs atom by atom or molecule by 

molecule (self-assembling). Sometimes, these processes can be overcome by the use of 

supercritical fluids (SCFs) [2]. SCFs are described as substances under pressure and 

temperature conditions above their critical point (Pc and Tc respectively). They present 

a density close to or higher than its critical density (ρc). Currently, there is a great interest 

in reducing the consumption of organic or dangerous solvents for the environment. SCFs 

are one clear alternative and they have been applied to the synthesis and the extraction 

of NMs in the last decades, due to their interesting properties, such as high diffusivity, 

near-zero surface tension, low viscosity and tunability [3]. The possibility of altering the 

pressure and/or temperature offers a higher selectivity. Besides, SCFs play an important 

role in the synthesis of different kind of NPs such as metal oxides, magnetic 

nanoparticles (MNPs), different carbon structures and hybrid nanocomposites, among 

others. Green chemistry [4] is clearly associated with this technique. There are different 

solvents commonly used as supercritical media, but the most one is supercritical carbon 

dioxide (scCO2) because it is cheap, non-toxic, abundant, readily accessible with a Pc of 
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7.38 MPa and Tc of 31 °C, non-flammable and leaves no residue in the treated medium 

[5], presenting properties between those of the liquid and the gas. Thus, scCO2 can 

replace other solvents without leaving harmful organic residues (“green” solvent). 

Without any doubt, it is a good alternative for the synthesis and extraction of NMs in 

SCFs media. In addition, scCO2 is miscible with different gases and liquids in order to 

modify the polarity of the medium in a wide range. Furthermore, it can be an automated 

and miniaturized extraction technique, reducing the solvent and reagents required and, 

in addition, avoiding or reducing several steps of conventional procedures. Taking into 

account this general situation, the present review is focused on the potentials and 

perspectives of supercritical media for the synthesis and extraction of NMs by using 

scCO2 and addressed to analytical objectives approached from two different points of 

view. The first one is based on NMs as analytes, which involves their extraction by SCFs 

and their determination in a variety of samples, such as cosmetics, agri-foods, and 

clinical and environmental matrices. The second one sees NMs as analytical tools, 

including their use as sorbents, stationary and pseudo-stationary phases, inert and 

active supports, fluorophore probes, and electric conductors, as different 

electrochemical sensors based on their activity and life times in continuous flow 

systems. 

The number and amount of consumer products and applications using nanotechnology 

on the market are rapidly increasing. Due to there is a growing number of consumer 

products make use of the unique physical and chemical properties of NMs, it is necessary 

to develop new analytical methodologies that can characterize their properties and 

functionalities. Nevertheless, nearly all available analytical methods provide unknown 

quantitative accuracy and qualitative precision due to the challenging physical and 

chemical nature of NPs. When carrying out their basic characterization, it is crucial to 

determine the main properties that can be important in determining their behavior and 

interactions with agri-food, environment and biological systems [6]. In particular, the 

recent regulatory efforts concerning the labeling of nanoparticle-containing consumer 

products, e.g., the EU regulations on cosmetics [7] and food [8], call for the development 

of simple and robust sample preparation protocols enabling a reliable detection and 

quantification of nanoparticulate ingredients in complex matrices [9-11]. 
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One of the major uses of NMs have been their use as sorbents in various branches of 

analytical chemistry for the qualitative and quantitative identification of a great variety 

of analytes. Both selectivity and sensitivity of analytical techniques have been improved 

by using NMs as sorbents thanks to their properties as mentioned above. Currently, a 

wide variety of NMs such as metallic and metal oxides, polymer-based nanocomposites, 

and silicon- and carbon-based NMs, has been integrated in various sample preparation 

techniques for the efficient extraction and preconcentration before their determination 

by diverse analytical techniques [12]. However, several techniques are usually time-

consuming, labor intensive and have a considerable environmental impact due to the 

extensive use of organic solvents of which many are ecologically harmful [13]. In this 

sense, SCFs are a good alternative in the synthesis and processing of materials due to 

their unusual properties. This technique can be used for the synthesis of NPs, surface 

design, improve sample treatment [13-15] and formation of new NMs, thus solving the 

problems associated with conventional processes. 

 

2. Overview of the supercritical fluid in analytical field 

Important tasks within analytical chemistry involve the separation, identification, and 

quantitation of target components in complex samples. But probably, chromatography 

is by far one of the most widely used technique. Current chromatographic methods have 

an excellent separation power, are versatile and allow the use of various detection 

techniques. Nevertheless, a tedious sample preparation step is often required before 

the samples can be introduced into the chromatographic system. These methods are 

generally time consuming and sometimes require large amounts of toxic and expensive 

organic solvents, and not environmentally friendly. For a successful chromatographic 

analysis, both the sample preparation step and the chromatographic process should be 

carefully optimized. The continuous search for rapid, efficient, cost-effective and 

environment-friendly means of analytical extractions and separations has introduced 

SCFs into the field of analytical chemistry [16]. 

 

2.1. General features of supercritical fluids in analytical science 

SCFs have been become of great interest in the sample preparation step, as well as the 

preparation of different kind of products. Although the most common application of 
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them is the supercritical fluid extraction (SFE), there are methods for using SCFs, such as 

chromatography, as well as a reaction medium, particularly by using scCO2, since more 

recent years. More specifically, they can be applied for extraction, reaction, separation 

and preparation processes. Regarding the applications of chromatographic separations, 

analytical and preparative separations are included [17]. One of the great advantages of 

analytical separation is the wide range of compounds they can be separated, in terms of 

volatility and polarity, in a single step. On the other hand, preparative separations can 

be used for the separation of enantiomers, the purification of pharmaceutical products 

and the production of standards, amongst others. 

During last decades, the application of SCFs in analytical chemistry, such as supercritical 

fluid chromatography (SFC) and SFE, has experienced a rapid advance. Environmental 

chemistry, energy, food and polymer chemistry, cosmetics, and pharmaceutical and 

agricultural research are just some of the areas to which SFCs have been applied. At 

present, they are involved in the field of nanotechnology, including the direct synthesis 

of them by using this technique as tools in the field of analytical nanometrology. Today, 

there is a great demand for new analytical techniques that provide information on 

quality control, processing and contamination, among others. This implies the need for 

faster, more versatile, cleaner and lower cost analytical procedures. In this sense, SCFs 

are a good alternative because they could be used as an extraction medium, or as a 

mobile phase. The analytical potentiality of SFE was already pointed out many years ago 

[18]. 

 

2.2. Thermodynamic and kinetic aspects 

Kinetics and reaction mechanisms of the processes in SCFs is one of the most important 

aspect. Knowledge of the reaction mechanism is important for system design and 

optimization. In order to understand the formation of nanostructures carry out in SCFs, 

the thermodynamic and kinetic aspects must be considered. The reaction equilibrium is 

crucial in order to understand the processes that carry out in SCFs. Thermodynamically, 

pressure plays an important role on the reaction equilibrium, which is determined by 

the reaction volume. ΔVr it is defined as the difference between the partial molar 

volumes of the products and the reactants [19]: 
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(
𝜕 ln 𝐾𝑥

𝜕𝑝
)

𝑇,𝑥
=  −

𝛥𝑉𝑟

𝑅𝑇
      (1) 

where Kx is the mole fraction-based equilibrium constant. Based on Le Chatelier´s 

principle, when the pressure increases, the reaction is favored towards the formation of 

products. Thus, addition of scCO2, results in higher conversions. 

In the syntheses carried out by using scCO2 as a medium in SCFs, the precursor is 

dissolved in scCO2 and then it is impregnated of the substrate. The metallic precursor is 

directly transferred in one step as well as its reduction to elemental metal by the 

presence of the hydrogen. Simone Wolff et al. [20] studied the influence of precursor, 

substrate and pressure on product properties in the preparation of supported Pt NPs by 

SCFs. They showed that the particle size and size distribution can be affected by the 

precursor, type and amount of the precursor. Y. Zong and J.J. Watkins [21] studied the 

precursor concentration dependence at different temperatures for the deposition of 

copper by H2-assisted reduction. They concluded that this parameter is crucial in the 

kinetics and reaction mechanism. Several works are carried out by reducing a metal-β-

diketone complex M(hfa)n, (being M the metal and hfa the hexafluoroacetylacetonate) 

by H2 in scCO2 following equation 2: 

𝑛𝐻2 + 2𝑀(ℎ𝑓𝑎)𝑛  → 2𝑀 + 2𝑛𝐻(ℎ𝑓𝑎)  (2) 

It is known that β-diketone ligands for a lipophilic shell around metal ions, enabling the 

dissolution of the metal chelate in nonpolar scCO2. This suggests that the concentration 

of the precursor is a parameter which plays an important role in these processes. 

The concept of solubility parameter is one of the most important criteria in SCFs. This is 

because it has an impact on the reaction rate, the yield, the product microstructure as 

well as the economics of the process [19]. Among all solvents used in SCFs, scCO2 is the 

most widely used due to its interesting properties, as previously commented. Its stability 

allows most compounds to be extracted, avoiding damages. Moreover, the solubility of 

many extracted compounds in scCO2 depends on the pressure, enabling selective 

extractions. Normally, when the pressure is high, the solubility of the solute increases. 

Thus, if this parameter is low, the maximum achievable metal content is lower than with 

a precursor with high solubility [5]. Among the many types of metal complexes, β-

diketonates are the most studied in SCFs due to their solubility can be controlled 
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depending on the ligand. Consequently, metal acetylacetonates [M(acac)n] and metal 

heptanedionates [M(thd)n] are the most common structures studied in these processes. 

Hruki et al. [22] studied the solubility of Cu and Co using these metal complexes in scCO2 

of conducting and magnetic materials. Another study was carried out by Andersen et al. 

[23] based on the solubility of cerium (IV), terbium (III) and iron (III) β-diketones in scCO2, 

showing the effect of different ligands can be crucial. In addition, it is known that CO2 

molecules interact with carbonyl groups and bridging acetate groups in Lewis-acid and 

Lewis-base bonding mode, delivering in a better stabilization [24]. On the other hand, 

temperature dependence is crucial in these processes. In our previous work, for the 

decoration of multi-walled carbon nanotubes (MWCNTs) with metal NPs in scCO2 

medium as a novel approach for the modification of screen-printed electrodes [25], this 

parameter was optimized between 120 and 250 °C for different precursors. Fig. 1 shows 

the TEM images for the decoration of MWCNTs with RuNPs due to it was selected as the 

optimum nanomaterial. As can be seen in this figure, temperatures below 200 °C did not 

produce a good decoration of the support, and accumulation of agglomerates was 

appeared. However, with at a temperature of 250 °C, the decoration was carried out 

successfully. 

 

Figure 1. TEM images of Ru-MWCNTs, decorated at different temperatures [25]. 
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3. Synthesis of nanomaterials under supercritical media  

3.1. Mechanisms of the synthesis of nanomaterials by SCFs 

The phase diagram in SCFs region of one single component and the schematic 

representation of solid distribution of solid particles in different solvents are 

represented in Fig. 2 (together with the properties of solid phase, liquid phase, gas 

phase, and SCFs). In general, materials can exist in three phases depending on the 

pressure and temperature, namely, solid, liquid, and gas. SCFs possesses attractive 

properties of both the gas and the liquid phases. Rapid diffusion and permeation are 

produced by its gas-like diffusivity and viscosity, while its liquid-like density enables 

dissolution of a wide range of materials. To produce a SCF phase, the pressure and 

temperature of the material are required to exceed the critical point (which indicates 

the critical pressure and temperature of CO2). 

 

Figure 2. (A) Phase diagram in SCFs region of one single component and (B) schematic 

representation of solid distribution of solid particles in different solvents. 

 

NMs, due to their small surface area, have high catalytic properties. The common 

mechanisms of NMs synthesis by SCFs are similar to the most well-known ones proposed 

for hydrothermal syntheses [26]: (i) dissolution of NMs precursor followed by 

crystallization [27]; (ii) in situ crystallization based on diffusion into nanocrystals [28]; 

and (iii) hydrolysis and precipitation of the precursors [29]. The main strengths of this 

process are the low cost of the precursors and the ability to produce a large amount of 

material at once. However, it presents some weaknesses. The mechanism being based 
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on a diffusion process, the final size of the powder depends on the precursors’ size and 

on the thermal treatment. Usually the resulting grain sizes are hundreds of nanometers 

(nm) with a wide size distribution. An accurate control in terms of stoichiometry within 

the produced material is hardly achieved, this can be critical in the case of more complex 

oxides. 

As far as it is known, the simulation of the formation of inorganic NPs was just 

investigated through two different approaches: (i) for the synthesis of oxides in 

supercritical water (scH2O), where the model predicts the size distribution of particles 

from the classical nucleation and growth theory (precipitation mechanism); and (ii) for 

the synthesis of metal NPs, a monodisperse mathematical model based on a two steps 

mechanism, coalescence and coagulation, predicts the evolution of the particle size 

distribution as a function of the process operating parameters. An example of a reaction 

that can be carried out in scCO2 is hydrogenation [30]. H2 is completely soluble in the 

solvent (it has low solubility in conventional solvents), which improves the speed of the 

reaction. Oxidation reactions, polymerization or carbon-carbon bond formation (Diels-

Alder, Ring closing metathesis) can also be carried out. 

 

3.2. Synthesis of nanomaterials in SCFs 

It is well known that depending on the dimension, crystallinity, morphology and 

structure, the properties and applications of NMs change significantly. The way of 

synthesizing materials under supercritical conditions allows to give a better control of 

particle synthesis in terms of size, morphology, size distribution, chemical composition 

and structure. Processes involving SCFs are an interesting alternative to modify surfaces 

of materials, especially particles, with NMs for analytical applications. There are two 

general ways of synthesizing NPs by SCFs using scCO2 as a medium: physical and 

chemical routes. Physical transformations (where scCO2 acts as a solvent or solute in the 

reaction) are used to modify the surface and, consequently, the properties of the 

synthesized NPs [3]. These routes include the role of scCO2 in SFE, which is the process 

most commonly used in the modes of rapid expansion from supercritical solutions 

(RESS), particles from gas saturated solutions (PGSS), foaming and laser ablation. On the 

other hand, chemical transformations are used to dissolve or modify agents in the 

reaction using scCO2 as a medium reaction. Normally, the latter ones are frequently used 
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to dissolve metal precursors in order to transform them to their metal species. These 

pathways include impregnation, co-precipitation, chemical vapor deposition (CVD), 

supercritical fluid deposition (SCFD), sol-gel, chemical vapor impregnation, surface 

functionalization from supercritical solutions (SFSS) and microemulsion using organic 

stabilizing agents. Fig. 3.A shows a typical experimental set-up for the synthesis of NMs 

by using SCFD. Sometimes this technique is named as SFRD (supercritical fluid reactive 

deposition), CFD (chemical fluid deposition), SCD (supercritical deposition), and SFCD 

(supercritical fluid chemical deposition), but the basic principle of the deposition and 

the corresponding formation of the NPs is the same. 

 

 

Figure 3. (A) Typical experimental set-up for the synthesis of nanomaterials by using SCFs and 

(B) scheme of using scCO2 as processing solvent for the synthesis of supported metallic 

nanoparticles. 

 

Amongst all procedures that are involved in SCFs, it should be remarked the special 

interest of SCFD due to the possibility to disperse NPs or deposit thin films on different 

types of substrates. This process was introduced by Watkins group [31], involving the 

following steps: (i) dissolution of the metal precursor in scCO2; (ii) sorption or adsorption 

of the metal complex from scCO2 to the substrate; and (iii) conversion of the adsorbed 

metal precursor to its metal form. The last step may be thermally carried out by using 

H2 or an alcohol as reducing agent. A large variety of metals are included using this 
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technique, as will be seen in other sections later. This area is very active because of it 

use offers an environment and friendly pathway, avoiding degradation or 

contamination. Fig. 3.B depicts the general scheme of this process, where it is involved 

the use of scCO2 to dissolve a metallic precursor, and then expose the substrate to the 

solution. When the precursor is incorporated into the substrate, this precursor is 

reduced to its metallic form, giving rise to films or particles. The reduction methods used 

are chemical reduction in scCO2 using H2 such as reducing agent, and thermal 

decomposition in an inert atmosphere [32]. 

 

3.2.1. Synthesis of metallic nanoparticles 

SCFs using scCO2 have been used to deposit metallic NPs in a very effective way. 

Supported metallic nanostructures have garnered a great deal of interest due to their 

properties and applications, which can be carried out in catalysts, semiconductors, 

sensors, coatings, ceramics, medical and biomedical fields, drug delivery systems, 

analytical applications and so on. On the other hand, deposition of metallic NPs onto 

substrates is one of the most interesting topics to date and they require employment of 

the most sophisticated analytical methods. There are two main approaches in the 

formation of supported metallic nanostructures: (i) the kinetic control of surface 

nanostructure formation, which is based on a homogeneous nucleation and 

heterogeneous growth caused by a chemical reaction [33]; and (ii) the thermodynamic 

control of the formation of nanostructures, which is based on the adsorption of the 

metallic precursor onto the substrate, followed by a wide variety of precursor 

transformation methods [5]. Here, the component plays an important role in the 

process because the performance of the catalyst and its interaction with the support is 

defined by the metal, which in turn can be strongly influenced by the method of 

preparation [34]. Different works have been reported about the synthesis of supported 

metallic nanostructures, as it can be seen in Table 1. The general method is SCFD. 

(algunos comentarios) Metal NPs of Pt and Pd have received more attention, mainly 

used as catalysts and in electrochemistry, but also in other cases NPs of Au, Ag, Ru, Fe, 

Rh, Ni, and Cu have been synthetized by SCFD. In some cases, it is not reported any 

special application, only the particular synthesis. As common substrates, solid 

macro/micro substances are used, but also other NMs such as CNTs, MWCNTs, 
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graphene, or graphene oxide have been used. It is remarkable the studies carried out on 

the decoration of MWCNTs with different single (Fe, Pd, Ru) and double (Fe-Pd, Fe-Ru, 

Pd-Ru) NPs by SCFD for the modification of screen-printed electrodes, in order to 

improve the selectivity and sensitivity of the amperometric determination of vitamin B6 

in different types of samples [25]. 

 

Table 1. Synthesis of supported metal nanoparticles by scCO2. 

Metal Substrate Application Ref.  

Pt 

Carbon aerogel  - [65] 
Carbon black - [65] 
Silica aerogel - [65] 

Silica - [65] 
ɣ-alumina - [65] 

Nafion 112 film - [65] 
CNTs Electrochemistry [66] 

MWCNTs and Carbon black Electrochemistry [67] 
Vulcan  Electroanalysis  [68] 
SBA-15 Catalytic activity [69] 
SBA-15 Catalytic activity [70] 

ɣ-alumina Catalytic activity [70] 
TiO2 Catalytic activity [70] 

Activated carbon Catalytic activity [70] 
TiO2  Catalytic activity [20] 

Silica MCM-41 Catalytic activity [20] 
ɣ-alumina Catalytic activity [20] 

Pd 

Silica aerogel Hydrogenation catalysts [71] 
MWCNTs Electrochemistry [25] 
SBA-15 Catalytic activity [69] 
Silica Catalytic activity [72] 
SiO2 Catalytic activity [73] 

Cu Polyarylate  Electrochemistry [25] 

Fe 

Polyarylate Electrochemistry [25] 
MWCNTs Electrochemistry [25] 

Graphene foam Electrochemistry [25] 
Zirconia Catalytic activity [74] 

Ru 
MWCNTs Electrochemistry [25] 
MWCNTs Electrochemistry [75] 

SiO2 SBA-15  Catalytic activity [76] 

Rh 
MWCNTs Electrochemistry [75] 
SBA-15 Catalytic activity [77] 

Ag 
Polycarbonate  SERS [78] 

4A-zeolite Catalytic activity [79] 

Au 

Polyamide - [80] 
Polypropylene  - [80] 

Poly(tetrafluoroethylene) - [80] 
MWCNTs Electrochemistry [25] 

ZrO2 Catalytic activity [81] 
SO4/ZrO2 Catalytic activity [81] 

TiO2 Catalytic activity [81] 
Ni SiO2 SBA-15 - [82] 

Carbon xerogel C14 - [82] 
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In this case, SCFs were a good alternative to improve the sensitivity of the working 

electrodes and their use allowed the simple and rapid decoration of MWCNTs, becoming 

a new approach for the preparation of NMs for electrochemical analysis. 

As mentioned above, the nature of the precursor used for the incorporation of SCF plays 

an important role in the amount of final metal, the distribution and the size of NPs. The 

precursor must be soluble to achieve impregnation and be able to carry out the 

interaction with the substrate. The synthesis of this kind of NPs by SCFs is very attractive 

for their properties. Further investigations on this topic would be worthwhile. 

 

3.2.2. Synthesis of magnetic nanoparticles 

Although SCF technology is known from a lot of time as a tool for extraction and 

synthesis of several kind of NMs, the synthesis of MNPs by SCFs has not been the most 

exploited. MNPs are a type of metal oxides NPs that can be handed by the use of a 

magnetic field [35], and they are employed as sorbents in analytical processes for 

sample preparation (solid phase extraction / clean-up). MNPs can be synthesized by 

several methods such as thermal decomposition, solvothermal, co-precipitation, 

microemulsion and electrochemical synthesis, among others [36]. Amongst all MNPs, 

iron (Fe) NMs attract a lot of attention due to their applications, including SCFs [37]. 

Normally, Fe is involved in its three principal forms: magnetite (Fe3O4), hematite (α-

Fe2O3) and maghemite (γ-Fe2O3). It should be remarked that new methods have been 

developed to synthesize and control FeNPs with different shapes and forms [38,39]. In 

this case, Liu et al. synthesized for the first time Fe3O4 nanotubes by wet etching the 

magnesium oxide (MgO) inner cores of MgO/Fe3O4 core-shell nanowires, controlling the 

length, diameter and wall thickness [39]. Nowadays, including green synthesis in this 

type of NMs has attracted attention. The synthesis of MNPs by using SCFs with scCO2 as 

a medium in the reaction is a good alternative for removing toxics substances which are 

involved in the common processes mentioned above. Only few papers are based on this 

topic. One example is the study carried out by Z. Li et al. [40]. They prepared hexagonal 

nanoplatelets of magnetite using scCO2 as a solvent in the reaction and, at the same 

time, as a reactant in order to form nanoplatelets of Fe3O4, (using ferrocene as iron 

source). They reported that the nanomaterial synthesized can be used for sensor 

devices. 
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3.2.3. Synthesis of carbon-based nanostructures 

Carbon exists in different structures and each one has a wide variety of applications in 

the field of nanotechnology. Normally, due to their high surface area, these NMs are 

employed as support, as well as sorbents for solid phase extraction (SPE) [12]. Each one 

has different structure, properties and applications. Fig. 4 shows a general scheme of 

these structures and their general synthesis methods. 

 

 

Figure 4. Synthesis methods of carbon nanostructures. 

 

Carbon nanotubes (CNTs) are one of the most important and useful structures of carbon. 

They can be presented as single-walled carbon nanotubes (SWCNTs) and as multi-walled 

carbon nanotubes (MWCNTs). These structures are characterized as a graphene rolled-

up to form a tube, in the case of SWCNTs and two or more concentric tubes in the case 

of MWCNTs [41]. There is an intermediate situation called double-walled carbon 

nanotubes (DWCNTs), which have properties of both. Amongst all carbon structures, 

they are the most used as a support due to their remarkable electrical and thermal 

conductivity, physical, mechanical, chemical properties and large surface area to volume 

ratio [25,42]. Furthermore, CNTs are involved in a wide variety of reactions in SCFs. 

Carbon nanohorns (CNHs), sometimes also known as nanocones, are another structure 

of carbon based on a conical morphology from a sp2 sheet, with 2-5 nm in their diameter 

and 40-50 nm in length approximately. They can be considered as an alternative of CNTs 
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and/or graphene. The major differences with regard to the CNTs relates to the size and 

shape [43]. Thus, they can be used in different applications. One of them is their used 

as a support for the synthesis of NMs in SCFs. However, to date, there are not enough 

works based on this topic. On the other hand, it is well known that this NMs are used as 

a support with NPs. Using single-walled carbon nanohorns, R. Yuge et al. evaluated the 

deposition of Pt NPs inside these nanostructures which can be controlled by the initial 

concentration of PtNPs [44]. In one review reported by S. Zhu and G. Xu, the properties 

and applications of these carbon nanostructures were discussed [45]. They presented 

the gas adsorption capacity due to their conical structure, aspect which can be of 

interest for developing new methods for the synthesis of NMs in SCFs. 

More and more graphene has an increased interest due to their exceptionally unique 

properties [46]. Nevertheless, there is a big inconvenient: the agglomeration in the 

sheets caused by Van der Waals interactions decreases the surface area. As can be seen 

in Fig. 4, there are different synthesis methods for graphene, but energy-consumption, 

time-consuming, tedious labor and hazardous reagents are required. One of the main 

obstacle is the use of non-environmentally agents [47]. It is well-known that hydrazine 

is the common reducing agent for graphene, being highly dangerous. For this reason, it 

is urgent to find friendly and environmental ways to produce graphene oxide (GO) and 

reduce graphene oxide (rGO). Hence, SCFs are a good alternative and it has attracted 

interest, becoming a green method to reduce graphene. Recently, scCO2 is used for the 

intercalation and exfoliation of graphene as well as the preparation of GO and rGO [48], 

supplying several advantages such as the opening and/or an increase between the 

sheets. For example, during the process, applying high pressure causes an increase 

between the layers and, consequently, the possibility of introducing stable species. This 

makes possible the coupling between graphene and NMs [49,50]. Table 2 presents a 

summary of NMs synthesized supported with carbon structures by scCO2. They have 

mainly been used as sorbents in SPE and in electrochemistry. 

SCFs is one of the most powerful reaction media for carrying out the graphene 

functionalization/ exfoliation, surface modification and reduction of GO. This technique 

is capable to incorporate NPs in a one pot process, avoiding the use of toxic reagents. 

The functionalization of this compound under supercritical media, provides an efficient 

route to alter its properties. For all carbonaceous materials, SCFs have been widely 
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studied as a new reaction media for the synthesis of this kind of NMs owing to their 

characteristics. 

 

Table 2. Synthesis of nanomaterials supported with carbon structures by scCO2. 

Carbon structure 
Nanomaterial 

deposited 
Precursor 

Features and analytical 
uses 

Ref. 

SWCNTs Fe Fe(acac)3 Sorbent-SPE [58] 

MWCNTs 

Fe 
Pd 
Ru 

Fe-Pd 
Fe-Ru 
Pd-Ru 

Fe(acac)3 
Pd(hfa)2 

Ru(acac)3 
Fe(acac)3-Pd(hfa)2 

Fe(acac)3-Ru(acac)3 
Pd(hfa)2-Ru(acac)3 

Electrochemistry [25] 

Fe Fe(acac)3 Sorbent-SPE [58] 
Pd 
Rh  
Ru 

Pd(hfa)2 
Rh(acac)2 
Ru(acac)3 

Catalytic activity [75] 

Graphene 
CuSe Na2SeO3-CuSO4. 5H2O 

SERS [61] 
Electrochemistry [62] 

Si Si NPs-Poly(acrylic acid) Electrochemistry [83] 
Zn Zn(NO3)2.6H2O Electrochemistry [48] 

 

3.2.4. Synthesis of nanocomposites 

Nanocomposites are composites in which at least one of the phases has nm dimensions. 

The scientific interest for these NMs has escalated over the last decades, because they 

exhibit unique properties that cannot be found in traditional composites [51], and 

obtaining a combination in the properties from all phases that are involved in the 

process. In the area of nanotechnology, the use of nanocomposites has generated much 

attention and they have found several applications in cosmetics, pharmaceutical, paints, 

inks, biomedical and plastics, and others [52]. There are two kinds of synthesis, 

depending on the use of polymers involved in the reaction. 

Polymer-based NMs are included in the nm range. In these structures, the 

surface/charge ratio considerably increases, providing more interactions. Besides, in 

these NMs the geometrical shape plays an important role in the determination of their 

properties [53]. There are three types of nanocomposites, depending on the number of 

dimensions that are at the nm scale: if all are at nm scale, the inorganic fillers are 

equidimensional, and they are considering such as spheres (e.g., silica nanoparticles 

(SiO2 NPs)). On the other hand, if two of them are at nm scale and the third one at 

micrometer (µm) scale, an elongated structure is formed such as CNTs. Finally, if only 

one is at the nanoscale, they form sheets of a few nanometers, such as layered silicates 
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(also named as clays) [54]. It has been reported the synthesis of a large variety of 

polymers. Generally, these syntheses involve the use of several organic solvents until 

the final product is obtained, causing a high contamination. For this reason, SCFs are a 

good and friendly alternative. In the last decades, SCFs have been employed using scCO2 

as a reaction medium and there are different studies about the development of 

nanocomposites with different nanofillers. For example, Haldorai et al. [51] carried out 

the synthesis of polymer-inorganic filler nanocomposites. They studied organic-

inorganic nanocomposites, which usually are polymer composites based on organic 

compounds and inorganic nanofiller at nm scale. As a result, and as previously 

mentioned, these lead to materials with improved features. They also studied the 

synthesis for polymer/metal, polymer/clay and polymer/metal oxide nanocomposites. 

Table 3 summarizes the synthesis of several polymer-based nanocomposites by using 

scCO2. These nanocomposites have been used for different industrial applications, but 

rarely for analytical purposes. 

 

Table 3. Synthesis of polymer-based nanocomposites by using scCO2. 

Polymer Nanofiller Property enhancement(s) Application Ref. 

Poly(2-hydroxyethyl 
methacrylate) 

Fe3O4 Thermal stability and magnetic Bio-applications [52] 

Poly(methyl 
methacrylate) 

Carbon fiber-
Graphene 

Electrical, thermal and physical Electrochemistry [84] 

SWCNTs Higher diffusivity and anchorage - [85] 
TiO2 Thermal Catalytic activity [86] 

Polyaniline 
Graphene Oxide 

Electrochemical capacitance and 
cycle stability 

Electrochemistry [87] 

Cloisite 30B nanoclay Barrier properties Corrosion [88] 
Graphite Electrical conductivity Corrosion [89] 

Polystyrene 
MWCNTs-

Polyamidoamine 
Mechanical - [90] 

Poly(vinylidene 
difluoride) 

SWCNTs Stability - [91] 

Poly(propylene) 
MWCNTs Thermal and mechanical - [92] 

Nanoclay 
Mechanical and tensile 

properties 
- [93] 

Poly(N-
isopropylacrylamide) 

SiO2 Swelling properties 
Controlled drug 

delivery 
[94] 

Poly(1-
vinylimidazole) 

SiO2 Thermal stability 
Water treatment for 

removing heavy metals 
[95] 

Poly(vinyl alcohol) Cellulose nanocrystals Mechanical and thermal Active food packaging [96] 

 

The processes to produce polymer based-nanocomposites are carried out in two steps. 

Firstly, the polymeric substrate is infused with the precursor dissolved in the SCF and 

then a reaction, typically thermal, is induced to generate a new dispersed phase. Thus, 
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SCF functions as an agent to improve diffusion and a solvent for the reagents. The 

resulting nanoparticle or nanophase products are restrained from agglomerating by the 

polymeric continuous phase. For this reason, the selection of the precursor must be 

carefully selected. 

Nanocomposites not including polymer compounds synthetized under SCFs have been 

less reported, but it is a very good alternative. Thus, one of the best options is the use 

of rGO by SCFs because its sheets can be exfoliated using SCFs, making possible to 

introduce different NPs for different purposes. Morere et al. [55] carried out the 

preparation of Pt, Ru and Ni/graphene nanocomposites for the partial hydrogenation of 

limonene as selective catalysts by using scCO2 as a sustainable solvent. The synthesized 

nanocomposites showed high activities and selectivities. Another work using rGO was 

reported by Hosseini et al. [56]. In this case, the nanocomposite based on bacterial 

cellulose/rGO, was used as a sensor. Several NPs such as Ag, Au, Cu, Fe, Ni, Pd, Pt, Rh, 

Ru, SiO2, SnO2 and mixtures of them can be synthesized with CNTs [25,57-60]. (algún 

comentario a esto ultimo). Thus, Moreno et al. described the synthesis of hybrid 

magnetic carbon nanotubes–C18 nano SiO2 nanocomposite for the solid-phase 

extraction of pesticides, previously to their determination by HPLC [58]. TEM 

micrographs demonstrated that MNPs decorated the surface of the composite 

nanomaterial. 

In this sense, there are a synergistic effect between oxides and carbonaceous materials. 

Thus, oxide compounds are useful for a variety of sensor applications and 

semiconductors. Nanocomposites can be deposited onto these structures, and usually 

resulted in the core of the CNT being filled with the molecule. Therefore, these NPs allow 

for energy efficiency and high performance. 

 

4. Towards analytical applications 

In this section, the consideration of SCFs for preparation of NMs discussed in section 3 

used in the analytical process is addressed. They can be: 

(a) Analytical tools when can play different roles (sorbents, stationary and pseudo-

stationary phases, inert and active supports, fluorophore probes, and electric 

conductors) to improve the existing and develop new analytical processes, 

aiming to exploit the unique physicochemical properties of the NMs, thereby 
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enhancing the analytical properties, which are indicators of the quality of the 

information provided. 

(b) Targets when they can be extracted by SFCs and determined in a variety of 

samples, such as cosmetics, agri-foods, and clinical and environmental matrices. 

The valuable (bio)chemical information of analytical chemistry provides a 

significant support to the integral development of N&N. 

 

4.1. Use of SFCs for preparation of nanomaterials as analytical tools 

A huge variety of production methods, involving the conversion of solid to solid, liquid 

to solid or gas to solid, have been explored for preparation of NMs in order to improve 

analytical methods as virtue of their exceptional properties (optical, magnetic, electrical, 

and mechanical). Thus, sol-gel, chemical vapour deposition and colloidal chemistry 

approaches are the most popularly used techniques to produce NMs used as tools in 

analytical processes. Interestingly, SFCs have not been extensively exploited yet as a tool 

to prepare advanced NMs for analytical applications despite this high effectivity in not 

only shaping the NMs, but also modifying their surfaces in the presence of the capping 

agents, surfactants, and other organic ligands to suit the desired analytical applications. 

The nanoparticles/composites are used in analytical applications to improve sample 

treatment [58], analyte separation and analytical detection [25]. MNPs, coated with 

octadecyl group-modified silica (nanoSiO2C18) containing CNTs, with high magnetic 

property, were prepared by supercritical synthesis at 200 °C and 8 MPa with H2 pressure 

fixed at 0.3 MPa. The hybrid NPs were used for the extraction of five neonicotinoids and 

four sulfonylureas pesticides from water and fruit juices samples at trace levels prior to 

their separation and quantification by HPLC-UV. A comparative study of analyte 

adsorption and desorption was conducted with similar magnetic composites prepared 

by high thermal decomposition and scCO2 methods, obtaining good recoveries with both 

sorbents. Decoration of MWCNTs with metal nanoparticles can be carried out in 

supercritical medium for application in electrochemical analysis. Recently [25], we 

optimized a supercritical procedure for the decoration of MWCNTs with metal 

precursors and their mixture such as Pd, Fe, Ru, Fe-Pd, Fe-Ru and Pd-Ru. The scheme of 

the decoration of the MWCNTs used is shown in Fig. 3.A. For each reaction, 

functionalized MWCNTs were mixed with metal precursor(s) and they were loaded in a 
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high-pressure stainless-steel reactor. The main steps were: (a) H2 loading at constant 

pressure mode (3.0×105 Pa); (b) mixing of H2 and CO2 in the mixer at 8×106 Pa; (c) loading 

of H2-CO2 in the reactor; (d) decoration of MWCNTs in the reactor at 120 °C for Pd and 

250 °C for all the other decorations; (e) evacuation of H2-CO2 from the system. The 

reactions were completed in short time (10 minutes) and the hybrid NPs were used for 

the modification of screen-printed electrodes applied to the amperometric 

determination of vitamin B6 in food and pharmaceuticals. In Raman Spectroscopy 

applications, hybrid NMs prepared in supercritical medium were developed and 

proposed as a substrate for surface-enhanced Raman spectroscopy (SERS). Moreno et 

al. [61] proposed a SERS-active substrate for the decoration of reduced graphene oxide 

with copper selenide (CuSe-rGO) using SCFs with sc-CO2 as a medium for the 

determination of Rhodamine B in chili powder. The enhancement factor of the 

synthesized hybrid material was better in comparison with gold and silver nanoparticles 

synthetized with conventional methods. The same authors used CuSe-rGO as 

electrochemical sensor for the sensitive and selective determination of eugenol in real 

samples such as clove, cinnamon and toothpaste [62]. Simonov et al. [14] proposed a 

method to obtain Nafion-based silica containing composite membranes with improved 

properties for electrochemical applications using scCO2 as a solvent for an organosilicon 

precursor. The composite membrane morphology was probed by electron microscopy 

and FTIR. The membrane stability was demonstrated to be better by using SCFs 

conditions. 

 

4.2. Use of SFCs for extraction of nanomaterials as the object of study 

SFE is a fast preparation technique for use prior to the analysis of NPs in samples. The 

possibility of adjusting the solvent efficiency (usually scCO2) by simple changes in both 

pressure and temperature makes SFE extremely selective and suitable for class-selective 

extraction. In addition, the clean-up and preconcentrating effects of the SCF extractant, 

which is gaseous under ambient conditions, result in increased sensitivity and this allows 

the use of smaller amounts of samples containing NMs. Therefore, the use of SCF 

technique to extract NMs opens up very interesting analytical possibilities from a 

practical point of view. The general batch procedure of extraction of NMs from matrix 

of samples is based on two steps: In the first step “static mode”, samples containing 
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NMs are introduced in extraction vessel and SCF at determined flow rate, pressure and 

temperature circulates in a loop containing the extraction vessel for some period of time 

before being released through the restrictor to the trapping vessel. In the second step 

“dynamic mode”, the SCF continuously flows through the sample, containing NMs, in 

the extraction vessel and out the restrictor to the trapping vessel containing solvent. 

The extracted non-polar analytes present in samples (fat and other substances) were 

collected in trapping vessel, and the NMs remained in the extraction vessel. When this 

clean-up process was finished, NMs were removed from the extraction vessel, dispersed 

in aqueous or organic solution and analyzed by analytical technique for separation and 

determination. In this sense, Muller et al. [15] integrated the scCO2 treatment with 

Asymmetrical Flow Field-Flow Fractionation (AF4) hyphenated with UV and Multi-Angle 

Light Scattering (MALS) detection for extraction and determination of titanium dioxide 

nanoparticles (TiO2NPs) in sunscreen agents. The methodology was comprised of two 

analytical procedures. The sample loaded in cartridge was subjected to a constant scCO2 

flow of 100 g/min for 30 min at 40 °C and 131 bars in order to remove the fatty 

components. After treatment, the sample (residual material) was removed from the 

cartridge, dissolved in aqueous solution and directly analyzed by AF4 and MALS. The 

same author, Muller, [63] reported the use of inverse SFE and miniaturized 

asymmetrical flow field-flow fractionation (mAF4) for the preparation and the directly 

subsequent analysis of TiO2NPs in model and commercial sunscreens. This approach 

allows their quantitation in commercial products. This new methodology represents a 

powerful and efficient tool for the verification of nanoparticle content in a wide range 

of matrixes, as demanded by recently introduced regulatory requirements. Another 

work carried out by F. Momenkiaei and F. Raofie [64] was based on silybum marianum 

seeds extract NPs by using a supercritical solution expansion technique. In this work, the 

amount of pressure drop is similar to RESS experiments, while post-expansion pressure 

is much higher than the critical pressure, with the depressurization stage no more 

following a rapid pace. Characterization using LC-MS demonstrated that the extract and 

NPs contained silymarin derivatives under the following optimum conditions: pressure 

of 350 bar, pressure drop of 230 bar, equilibration time of 30 min, collection time of 60 

min, the extract volume of 20 μL, and the temperature range of 55-60 °C. The average 

particle size was 70 ± 20 nm at both conditions. The procedure development 
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demonstrated that temperature has a significant effect on particle size distribution as 

well as on morphology. 

 

5. Conclusions and perspectives 

In this work, we have reviewed recent research on the potentials of supercritical media 

for the synthesis and extraction of NMs by using scCO2 and addressed to analytical 

objectives approached from two different points of view: nanomaterials as analytes and 

analytical tools. 

Supercritical fluids have been used in different aspects to study their applications in NMs 

by using scCO2 medium. As explained in the present review, the kinetic and 

thermodynamic control are critically important, resulting crucial for different 

parameters such as particle size, chemical nature of the surface, size distribution, and 

others. Moreover, it was reported that there are different methods for the synthesis of 

NMs on a laboratory scale, specifically in analytical chemistry. These processes are 

progressing more and more because the analysis times required, and the number of 

steps involved are reduced. NMs can be synthesized using a green synthesis, reducing 

and eliminating the use of toxic agents. However, scCO2 has limitations such as it is a 

relatively poor solvent. 

SCFs are an efficient way to prepare NMs, controlling the particle size and distribution. 

These solvents offer many advantages over conventional solvents in the synthesis of 

materials due to the low viscosity, low surface tension and high diffusivity, which may 

be beneficial for the construction of NMs. Furthermore, analytical merits such as 

sensitivity, repeatability, reproducibility, and reusability were improved by 

incorporating NMs with this technique. 

From an analytical standpoint, the use of SCFs is a good alternative for the synthesis and 

characterization of the NMs as objects as well as their use as analytical tools. Each of 

one them presents a unique analytical challenge. Obviously, such research is more 

limited in terms of available target analytes. 
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Autores: Virginia Moreno, Mohammed Zougagh and Ángel Ríos. 

Revista: Microchimica Acta, 183, 871-880. (2016). 

 

Título: “Decoration of multi-walled carbon nanotubes with metal nanoparticles in 

supercritical carbon dioxide medium as a novel approach for the modification of 

screen-printed electrodes”. 

Autores: Virginia Moreno, Eulogio J. Llorent-Martínez, Mohammed Zougagh and Ángel 

Ríos. 

Revista: Talanta, 161, 775-779. (2016). 

 

Título: “Synthesis of hybrid magnetic carbon nanotubes - C18-modified nano SiO2 under 

supercritical carbon dioxide media and their analytical potential for solid-phase 

extraction of pesticides”. 

Autores: Virginia Moreno, Eulogio J. Llorent-Martínez, Mohammed Zougagh and Ángel 

Ríos. 

Revista: The Journal of Supercritical Fluids, 137, 66-73. (2018). 

 

Título: “Analytical nanometrological approach for screening and confirmation of 

titanium dioxide nano/micro-particles in sugary samples based on Raman 

spectroscopy - capillary electrophoresis”. 

Autores: Virginia Moreno, Mohammed Zougagh and Ángel Ríos. 

Revista: Analytica Chimica Acta, 1050, 169-175. (2019). 
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Título: “Nanostructured hybrid surface enhancement Raman scattering substrate for 

the rapid determination of sulfapyridine in milk samples”. 

Autores: Virginia Moreno, Asmae Adnane, Rachid Salghi, Mohammed Zougagh and 

Ángel Ríos. 

Revista: Talanta, 194, 357-362. (2019) 
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Trabajos presentados en congresos nacionales o internacionales 

Título: “Magnetic multi-walled carbon nanotube silica composites for solid phase 

extraction of macrocyclic lactone mycotoxins in food samples prior to liquid 

chromatography analysis“. 

Autores: Virginia Moreno, Mohammed Zougagh and Ángel Ríos. 

Participación: Comunicación oral. 

Evento: IX Simposio Ciencia Joven de la Universidad de Castilla-La Mancha, Ciudad Real, 

España, Mayo 2015. 

 

Título: “Magnetic multi-walled carbon nanotube silica composites for solid phase 

extraction of macrocyclic lactone mycotoxins in food samples prior to liquid 

chromatography analysis“. 

Autores: Virginia Moreno, Mohammed Zougagh and Ángel Ríos. 

Participación: Póster. 

Evento: VII Workshop on Analytical Nanoscience and Nanotechnology, Salamanca, 

España, Julio 2015. 

Título: “Magnetic multi-walled carbon nanotube nano C18 composites for solid phase 

extraction of macrocyclic lactone mycotoxins in food samples prior to liquid 

chromatography analysis“. 

Autores: Virginia Moreno, Mohammed Zougagh and Ángel Ríos. 

Participación: Comunicación oral. 

Evento: III Simposio de Jóvenes Investigadores SEA, Toledo, España, Septiembre 2015. 

 

Título: “Hybrid nanoparticles based on multi-walled carbon nanotube-C18SiO2 for 

solidNPs for solid phase extraction of mycotoxins prior to their determination by LC-

MS“. 

Autores: Virginia Moreno, Mohammed Zougagh and Ángel Ríos. 

Participación: Póster. 

Evento: V Jornadas Doctorales de la Universidad de Castilla-La Mancha, Ciudad Real, 

España, Octubre 2015. 
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Título: “Decoration of multi-walled carbon nanotubes with metal nanoparticles in 

supercritical carbon dioxide: a novel approach for the modification of screen-printed 

carbon electrodes“. 

Autores: Virginia Moreno, Eulogio J. Llorent-Martínez, Mohammed Zougagh and Ángel 

Ríos. 

Participación: Comunicación oral. 

Evento: X Simposio Ciencia Joven de la Universidad de Castilla-La Mancha, Ciudad Real, 

España, Junio 2016. 

 

Título: “Synthesis of metallic nanoparticles in supercritical carbon dioxide for the 

determination of vitamin B6“. 

Autores: Virginia Moreno, Eulogio J. Llorent-Martínez, Mohammed Zougagh and Ángel 

Ríos. 

Participación: Póster. 

Evento: VI Jornadas Doctorales de la Universidad de Castilla-La Mancha, Toledo, España, 

Octubre 2016. 

 

Título: “Highly surface enhancement raman scattering substrate based on gold 

nanoparticles and sulfonamides for the determination and quantification of multi-

walled carbon nanotubes“. 

Autores: Virginia Moreno, Asmae Adnane, Rachid Salghi, Mohammed Zougagh and 

Ángel Ríos. 

Participación: Comunicación oral. 

Evento: 15as Jornadas de Análisis Instrumental, Barcelona, España, Octubre, 2017. 

 

Título: “Highly surface enhancement raman scattering substrate based on gold 

nanoparticles and sulfonamides for the determination and quantification of multi-

walled carbon nanotubes“. 

Autores: Virginia Moreno, Asmae Adnane, Rachid Salghi, Mohammed Zougagh and 

Ángel Ríos. 

Participación: Póster. 
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Evento: VII Jornadas Doctorales de la Universidad de Castilla-La Mancha, Albacete, 

España, Noviembre 2017. 

 

Título: “Analytical nanometrological approach for screening and confirmation of 

titanium dioxide nano/micro-particles in sugary samples based on Raman 

spectroscopy-capillary electrophoresis“. 

Autores: Virginia Moreno, Mohammed Zougagh and Ángel Ríos. 

Participación: Comunicación oral. 

Evento: Second International Conference on Materials & Environmental Science, Saidia, 

Marruecos, Abril 2018. 

 

Formación especializada 

Título: Prevención de riesgos laborales. 

Entidad organizadora: Universidad de Castilla-La Mancha. 

Fecha:2015 

Duración: 50 h. 

 

Título: “Herramientas Espectroscópicas para la Caracterización Química y Morfológica 

de Nanopartículas”. 

Entidad organizadora: Sociedad de Espectroscopía Aplicada. 

Fecha:2015 

Duración: 6,5 h. 

 

Título: Jornada técnica de prevención de riesgos en trabajos con nanomateriales. 

Entidad organizadora: Universidad de Castilla-La Mancha. 

Fecha:2016 

Duración: 4 h. 
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Título: “Técnicas de Espectroscopía y Aplicaciones en Nanotecnología”. 

Entidad organizadora: Sociedad de Espectroscopía Aplicada. 

Fecha:2017 

Duración: 24 h. 

 

Título: Aprendizaje para el uso del equipo Zetasizer Nano ZS (potencial Z y tamaño). 

Entidad organizadora: Instrumentación Específica de Materiales (IESMAT). 

Fecha:2018 

Duración: 7 h. 

 

Título: Formación teórica y práctica en el manejo de un espectrómetro de masas con 

plasma acoplado inductivamente “ICP-MS modelo Agilent 7900”. 

Entidad organizadora: ISC Science 

Fecha:2018 

Duración: 16 h. 
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