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5 

 

Objeto 

 

La aparición y el desarrollo de la Nanociencia y Nanotecnología ha 

generado un nuevo contexto en la ciencia y la tecnología. La Química 

Analítica ha experimentado, al igual que otras áreas de la ciencia, un gran 

cambio gracias a las necesidades y oportunidades que proporciona la 

Nanociencia y Nanotecnología Analíticas. Por una parte, el creciente uso de 

nanopartículas en diferentes campos, que esta teniendo lugar en los últimos 

años, provoca y demanda la aparición de métodos de análisis en la nanoescala 

para la caracterización de nanomateriales, para estudios toxicológicos y 

control medioambiental. Por otra parte, la posibilidad del empleo de 

nanopartículas con propiedades excepcionales permite el desarrollo de nuevas 

estrategias de análisis o mejora de las ya existentes, para el control analítico de 

compuestos de interés alimentario, medioambiental, clínico o toxicológico. 

Los aspectos mencionados anteriormente son los que se abordan en lo que hoy 

se denomina “Nanociencia y Nanotecnología Analíticas”. 

 

El objetivo principal de esta Tesis Doctoral es llevar acabo nuevas 

contribuciones en el campo de la Nanociencia y Nanotecnologias Analiticas en 

la doble vertiente de la caracterización o determinación de nanoparticulas, así 

como en el empleo de nanomateriales como herramientas analiticas. Este 

objetivo general se concreta en los dos objetivos específicos siguientes: 

 

(1) Contribución al análisis de material nanometrico mediante el desarrollo 
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de una nueva herramienta analítica basada en el acoplamiento de la 

electroforesis capilar con un detector de dispersión de luz (CE-ELSD), 

para separar y caracterizar NPs, especificamente de oro (AuNPs). 

 

(2) El diseño y el desarrollo de nuevas metodologías analíticas basadas en 

el empleo de NPs para el desarollo y mejora de los procesos de 

medida, tanto en la etapa de tratamiento de muestra como de detección 

analítica. Dentro de este objetivo específico también se pretende 

desarrollar estrategias novedosas de funcionalización de NPs (en 

concreto NPs magnéticas y de oro), que permitan establecer 

interacciones especificas o selectivas con el analito de interés. Se evita 

asi la necesidad de recurrir a otras alternativas menos favorables. 

 

 



 

7 

 

Aim 

 

The emergence and development of Nanoscience and Nanotechnology 

have led to a new framework for science and technology. Analytical 

chemistry, like other fields of science, has undergone a major change due to 

necessities and opportunities of analytical nanoscience and nanotechnology. 

On the one hand, the increasing use of nanoparticles (NPs) in different fields, 

in recent years, has prompted to the development of methods of analysis at the 

nanosclae for characterization of nanomaterials, for toxicological studies and 

environmental monitoring. On the other hand, the capacity to use the NPs with 

unique properties allows the development of new analytical strategies or 

improving existing ones, for clinical or toxicological purposes, the analytical 

control of food compounds and environment. The previously mentioned 

aspects are approached in what is now called "analytical nanoscience and 

nanotechnology." 

 

The overall aim of this Doctoral Thesis is to make new involvements 

and contributions to the role of NPs in Analytical Nanoscience and 

Nanotechnology. This general objective is emerged in the following two 

specific objectives: 

 

(1) Contribution to the analysis of nanometric material by developing new 

analytical tool based on capillary electrophoresis–evaporative light 

scattering detection coupling (CE-ELSD), for characterization and 
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separation of NPs, particularly, gold NPs (AuNPs). 

 

(2) Design and development of new analytical methodologies based on 

NPs for the improvement of (bio)chemical measurement processes, 

i.e., the use of NPs as an analytical tool. Within this specific objective 

also aims to develop novel strategies for functionalization of NPs 

(particularly magnetic and gold NPs), to establish specific or selective 

interactions with the analyte of interest. Therefore, the need to resort 

to other less favorable alternatives is also avoided.  
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 Two main points are considered in this general introduction. The first 

one deals with the whole context of the nanoscience and nanotechnology 

viewed from an analytical perspective. The second one deals with the 

analytical strategies covered by the experimental work developed in this 

thesis. 

 

1. Analytical Nanoscience and Nanotechnology 

 

The prefix "nano" is becoming increasingly common in scientific 

literature. It derived from the Greek "nanos" which mean "dwarf". This prefix 

was placed in front of another word to add or change its meaning. When 

placed in front of words like science and technology, it appears fair to say that 

Nanoscience and Nanotechnology (N&N) are science and technology 

concerning objects of nanometer dimension, which are atoms and molecules. 

Many definitions of N&N have been given in the literature, but most of 

them focus on the nanometer size materials (particularly between 1 and 100 

nm). But the dramatic changes in physico-chemical properties as regards 

macromaterial and their dependence on size are the most important aspects of 

nanostructured materials. The unique properties observed in the nanoscale 

(chemical, optical, electrical, thermal, magnetic, etc.) can also be exploited in 

the miniaturization. However, the combination of size and the special 

properties of nanostructured material are considered as a difficult task because 

of associated technical problems. 

Like other sciences, analytical science is also strictly related to N&N 

[1]. In fact, it is present in many definitions of N&N because of the extracted 
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information in the nanoworld, which is crucial to make scientific and technical 

decisions in this area. In this case, nanomaterials are used as objectives 

(analytes) as can be seen in target A in Figure 1.  

 

 

Figure 1. The two sides of Analytical Nanoscience and Nanotechnology based on the consideration 

of nanoparticles as analytes (A) and tools (B). (Extracted from Ref. [6]).  

 

In this sense, the role of analytical chemistry is undeniable. One of the most 

important needs in N&N is the collaborations of physicists, chemists and 

engineers because the overall information (chemical and physical) of 

nanomaterials is an indispensable complement to the extraction of chemical 
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information (composition), and understanding the chemical behaviors of NMs 

(chirality, reactivity, etc.), in order to make their desired physical 

characterization. Among the advances and the efforts devoted in this context, 

it was the combination of equipments such as atomic force microscope (AFM) 

with Raman spectrometry [2] for providing different types of information. The 

increasing investigation in Analytical N&N was showed in recent 

scientometric study in the ISI web of knowledge, demonstrated that less than 

35% of scientific articles are designed to the analysis of NMs, which is not 

coherent with the importance of the role that Analytical Science can play in 

N&N. But, this proportion will be in exponential increasing in the forthcoming 

years.  

On the other hand, NM can be used as analytical tools (Target B in 

Figure 1) to designate new analytical methods or to improve those that already 

exist. In this case, the development of N&N was an advantage at which other 

areas take benefits, and as it is the case of analytical chemistry. 

Figure 1 (target B) illustrates three combination of situations at which 

aspects of NMs and their exploitations could be involved, namely: (i) the 

nanometer size; (ii) the unique physico-chemical properties of nanomaterials; 

and (iii) the two mentioned facets. These situations will eventually result in 

three different options, which are briefly described below. 

 

 (A) Nanometric analytical systems are exclusively referred to devices 

based on the nanosize. This is a step towards miniaturization, without 

exploiting the unique properties of nanomaterials. Such is the case of a 

nanopipette [3]. 
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(B) In nanotechnology analytical systems, the use of the unique 

nanotechnological properties (basic and complementary analytical properties) 

allows the development and the improvement of analytical processes, resulting 

to the analysis of new compounds in different matrices. 

 

(C) The analytical nanosystems is the best situation because both 

aspects are exploited (the nanometer size and the controll by physicochemical 

laws of nanoscience). This is still an ideal situation, because 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 few examples of them because their developments have 

technical restrictions.  In this context, two illustrative examples were reported: 

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

recognize high growth, because they represent the future of Analytical 

Nanoscience and Nanotechnology. 

 

1.1. How to reach the nanosize? 

 

Before the discovery of NPs, their synthesis has been intended. 

Moreover, after their discovery the desire of the investigators to reach the 

nanoscale have been traduced in the efforts spent in the synthesis of NPs. The 

revolution of nanotechnology is based on the paradigm shift in manufacturing 

and product many nanostructures, which can be synthesized. Two different 

methods are envisioned in nanotechnology to build nanometric objects or 

nanostructured materials (Figure 2): one of them is named the "top-down" 

approach and the other method is named the "bottom-up" approach.  
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In the top-down strategy the idea is based on the miniaturization of the 

macroscopic structures, components, and systems towards a nanoscale of the 

same starting material.  

The bottom-up strategy is based on the building of desired 

nanostructures from the atoms and molecules [7]. The "top-down" is 

synthetically too expensive (and not industrially scalable) to arrange such 

small units into their desired positions by hand. Consequently, materials 

chemists are largely focused on “bottom-up” techniques that afford the self-

assembly of nanoscale species [8]. 

The main purpose to reaching the nanoscale by synthesis of 

nanostructured materials is to exploit their exceptional properties and 

behaviors. The significant behaviors of NPs compared to macro and micro-

materials are due to surface effects (causing smooth properties scaling due to 

the fraction of atoms at the surface) and quantum effects (showing 

discontinuous behavior due to quantum confinement effects in materials with 

delocalized electrons) [9]. These factors affect the chemical reactivity of 

materials, as well as their mechanical, optical, electric, and magnetic 

properties. 

The fraction of the atoms at the surface in NPs is increased with respect 

to microparticles or bulk. 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 remarkably enhanced. In general, the decrease of particle size 

produces a high chemical reactivity, while surface coatings and other 

functionalizations can generate complicating effects. 
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Figure 2. Approaches used for achieving the nanoscale. 

 

1.2. Classification of nanostructured materials 

 

 NMs are the mainstay of N&N. Both areas are multidisciplinary, 

research and development in them have been grown in recent years, presenting 

a great potential in the development of a wide variety nanostructures with new 

properties. Literature reports different ways to systematically describe existing 

nanoparticles based on classifications based on several criteria, such as their 
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dimensionality, homogeneity, morphology, composition, and agglomeration. 

In 1995, Gleiter proposed the first classification of nanostructured materials 

[10]. Five years later, Skorokhod reported another scheme of classification. 

However this scheme was incomplete because some structures, such as 

fullerenes, nanotubes, and nanoflowers were not taken into account. Then, a 

modified scheme of nanostructured classification was given by Pokropivny 

and Skorokhod [11], in which 0D, 1D, 2D and 3D NSMs are included. In this 

way, Table 1 summarized the classification of NPs proposed by many authors, 

and based on different criteria for this purpose.  

 

Table 1. Criteria for the classification of NPs proposed by authors (references in brackets) in 

different years, remarking the main properties associated. 
 

 

Property 
[12] 

2005 

[13] 

2006 

[11]  

2007 

[14] 

2007 

[15] 

2007 

[16] 

2008 

[17,6] 

2010, 2011 

Agglomeration 

state/dispersion 

* *  * * *  

Chemical 

composition 

* *  * * * * 

Crystal structure * *   * *  

Dimensionality   * *   * 

Dissolution/ 

Solubility 

 *    *  

Methods of 

synthesis 

    *   

Physical/chemical 

properties (purity) 

* *   *  * 

Shape and 

morphology 

* *  *  *  

Size distribution * *   * * * 

Surface area 

and Porosity 

* *   * *  

Surface chemistry * *   * * * 

Surface charge * *   * *  
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 One of the most common classifications of nanostructures is based on 

the dimensionality: 0D, 1D, 2D, and 3D. It is one of the classifications 

included in Figure 3. Physically nanostructures are classified in function of the 

number of dimensions in the nanoscale (below 100 nm), distinguishing four 

types of nanostructures: i) nanoscale in one dimension, such as surfaces with 

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

such as CNTs, inorganic nanotubes, nanowires, etc.; iii) nanoscale in three 

dimensions, which includes MetNPs and their oxides, QDs, fullerenes, 

dendrimers; and iv) classification of nanoscale at zero dimensions including 

nanoporous material, and composites with NPs. 

 

 

Figure 3. Classifications of nanomaterials based on their composition, dimensionality morphology, 

uniformity and agglomeration. 
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 Concerning other criteria of classification, the NMs can be classified 

based on their shape (e.g., nanospheric, nanohelies, nanowires, etc.), or on 

their composition, which it is divided to single material and composites, as 

well as, the consideration of uniformity and agglomeration of NMs such as 

isomeric and inhomogeneous in dispersed or agglomerated state. Obviously, 

criteria referred in Figure 3 are mutually exclusive. Additional points can be 

included in Figure 3 if hybrid nanoparticles are taken into account. 

 

 Nanoparticles in chemical analysis 

Exploited 

properties 

Silica  

NPs 

Metallic NPs 

- Gold 

- Metal oxides  

- QDs 

Carbon 

NPs 

- Fullerene 

- CNTs 

Polymeric 

NPs 

- MIPs 

Nanovesicles 

and 

Nanomicelles 

Chemical ** * ** ** ** 

Electrical – ** ** * – 

Optical – ** ** – – 

Thermal – * * – – 

Magnetic – ** – – – 

 

Figure 4. Most relevant properties of the NPs exploited in analytical chemistry. (Extracted from ref. 

[6]). 

 

 In the case of nanotechnological analytical system, a simple graphical 

check list can be established according to the main exploited properties, as 

Figure 4 shows. As it can be seen, 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. Thus: 
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 (i) Complementary combination of different NPs with isolated 

properties, such as hybrid composite formed by carbon nanotubes (CNTs) and 

ferrite NPs [18].  

 (ii) Synergetic combination of the same type of NPs, which produces 

important synergistic effects, such as the case of the combination of quantum 

dots (QDs) [19]. 

 

1.3. Role and application of NPs in analytical processes  

 

The main challenge of Analytical Chemistry is the design, 

development of new analytical methods, and improving the existing ones. As 

presented in Figure 5, N&N can bring the analytical methods to desired region 

at which the state-of-the-art is miniaturized and traditional techniques fulfill 

optimal requirements in terms of sensitivity (from ppm to ppt), selectivity 

(more specific), simplicity (easy handling), and rapidity (from hours to 

seconds). 

 As it is well known, analytical process involves three main steps, as it 

is represented in Figure 6, namely: (i) preliminary operations, including 

sampling and sample preparation; (ii) measurement and transduction of 

analytical signal (detection); and (iii) data acquisition and processing. Non 

instrumental separation techniques can be involved in sample preparation 

(e.g., solid or liquid extractions for clean-up and/or preconcentration). 
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Figure 5. Contribution of N&N to surpass analytical challenge. 

 

  N&N has been contributed by the involvement and the 

integration o different type of NMs and nanosystems at different steps of 

analytical processes. Figure 6 illustrates different steps of analytical 

procedures at which NPs are involved. The exploitation of NMs properties 

(optical, magnetic, electrical, etc.) in the whole steps of analytical chemistry 

field contribute to the development of innovative strategies or improvement of 

the conventional ones, in order to perform the analytical characteristics 

(accuracy, precision, sensitivity, selectivity, speed and cost) (see Figure 6). 

The involved NMs can be used at different steps of analytical process as (i) 

synthesized (without functionalization), (ii)  bonded on a support through a 

chemical reactions, (iii)  incorporated into an inert solid, or (iv) modified with 

organic, inorganic and biochemical compounds to increase their physico-

chemical properties.  
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Figure 6. Overview of the involvement of NPs in different steps of analytical processes. 

 

 Table 2 summarizes the roles that play NPs and their involvement at 

different steps of the analytical process presented in Figure 6. As it can be 

seen, the drawbacks encountered in the analysis of some analytes by 

conventional techniques can be circumvented by the contribution of NMs 

these techniques, and the exploitation of their exceptional properties at 

different analytical steps including sample treatment (extraction/clean-up, and 

preconcentration), chromatographic and CE techniques, and detection. 
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Table 2. Contributions of the NPs at different steps of analytical process. 
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1.3.1. Use of NPs for sample preparation purposes 

 

Currently, analytical chemistry tend to exploit and to improve the 

chemical properties of NPs, especially the capacity of adsorption for their use 

as a reversible sorbent in extraction and preconcetration processes, which were 

considered among the most attractive analytical applications.  

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. The use of an extraction technique is common in the preparation of 

the most types of samples. A great increase in the use of SPE as a 

preconcentration step was 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 (usually a small column and a syringe or vacuum 

manifolds). The versatility of 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) [20]. Recently, 

NPs have been purposes in SPE process for the preconcentration of many 

analytes, as well as for the elimination of interferences (clean-up). For these 

purposes automated devices based on continuous configurations, where CNTs 

have been packed in a large diameter column before to be placed in the loop of 

an injection valve, have been used. The proposed configurations reduce the 

pressure in the whole system, as well as the sorbent compactness, while the 

retention and elution steps can be accomplished in opposite directions. 
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Examples reported deals with the determination of sulfonamides in egg and 

pork samples [21], and the use of multiwall carbon nanotubes (MWCNTs) as a 

solid sorbent for lead preconcentration through a flow system coupled to flame 

atomic absorption spectrometer [22], among others applications. 

Polymeric NPs (nanowire/nanotube arrays in porous alumina 

membrane) have also been demonstrated the applicability of SPE, and they 

were used for the determination of trinitrotoluene (TNT) [23]. Surface MIP 

nanowires have been proposed as a selective material for the isolation of large 

molecules, such as proteins and other biomacromolecules (albumin, 

hemoglobin and cytochrome C) [24]. The efficiency of this material is 

acheived by the good accessibility of the binding sites and the large surface 

area of the polymer. Owing to the water solubility of the imprinted nanowire, 

it is fully compatible with biochemical measurements. On the other hand silica 

NPs were demonstrate a good efficiency as a solid-sorbent, and they have been 

used for the preconcentration of trace amounts of Fe (III) prior to their 

determination by inductively coupled plasma optical emission spectrometry 

[25]. Afterwards, by the modification of silica NPs, the extraction of trace 

amounts of Cd, Cu, Hg, and Pb from biological and environmental samples 

was proposed [26]. 

In the literature, metallic NPs were extensively used as SPE in many 

contaminant scavenging mechanisms [27], such as their involvement in the 

purification of organic compounds. For example, the adsorption capacity of 

AgNPs of non-polar organic compounds (e.g., polycyclic aromatic 

hydrocarbons, PAHs) was exploited for their preconcentration on the surface 

of this metal. In addition, the presence of AgNPs allows the enhancement of 

analyte luminescence. This method has been demonstrated to be useful for the 
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preconcentration and direct determination of trace amounts of PAHs in 

aqueous samples [28]. In order to control and simplify handling of sample 

treatment, magnetism property was introduced to divers NMs for achieving an 

efficient, rapid and controllable extraction [29-36]. 

The effectiveness and the versatility of NPs have been demonstrated by 

the referred analytical applications previousely reported. These applications 

are based on the physico-chemical characteristics of the NMs, which were 

used as analytical tools in sample preparation, because the great variety of 

available NPs, including carbon, silica and metallic NPs among others. Their 

special characteristics have been extensively exploited in different steps of 

analytical process (extraction/clean-up and preconcentration), proposing new 

sophisticated strategies, facilitating and improving existing ones. Besides, 

relaying a synergistic effect with the combination of complementary properties 

(e.g., silica NPs with a magnetic core or CNTs combined with magnetite, etc.), 

it was possible to develop strategies characterized by materials with more 

stability (which can allow the reusability of the NMs several times), rapidity 

(automatic manipulation, avoiding time-consuming), selectivity 

(functionalization and derivatization) and efficiency (cost-effectiveness). 

 

1.3.2. Use of NMs as stationary and pseudostationary phases 

 

Another promising area of analytical nanotechnology is the use of NPs 

to improve the resolution of the chromatographic and electrophoretic 

separations. In general, NPs act as stationary or pseudo-stationary phases and 

the results are clearly better, in comparison with those obtained by the 

traditional sorbents. Resolution is, commonly, enhanced by using NPs due to 
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their high capacity of adsorption, their long life-time and their attractive 

surface chemistry. Therefore, NMs present ideal properties for their 

integration as stationary and pseudostationary phases. For instance, these 

materials contain, at least, one dimension lower than 100 nm, and they can be 

included at low concentrations compared to traditional stationary or 

pseudostationary phases, and hence less than 1% of the total capillary volume 

is filled by NPs [37]. On other hand, NMs exhibit inherently large surface area 

to volume ratios and new chemical and physical properties, dependent to the 

nanoscale size, appear. These characteristics can be successfully exploited for 

NMs as stationary phases. On the other hand, 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 [38]. The large surface area can act as a platform for the adsorption 

of analytes or ligands, which differentially interact with the analytes 

occupying a small volume, and offering another mode of separation. Taken 

advantage of these features the precision and separation efficiency of the 

separation techniques can be improved. NMs can either be introduced into the 

column or capillaries prior to the analytes (partial filling) or continuously 

introduced throughout the process of separation while having uniform mobility 

and not tampering with detection capabilities of the technique. 

The potential of NMs in separation sciences has progressively been 

recognized, and important developments in the separation of different 

substances has been achieved using HPLC, CEC, GC, CE, and microchip CE, 

employing NPs as components of the separation media. The NPs serve either 

as permanent or dynamic capillary inner surface coatings in CE, stationary 

phases in CEC, pseudostationary phases in partial filling or continuous filling 
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mode in MEKC, and as modifiers of stationary phases in LC and GC. Several 

types of NPs have successfully been used in this specific way, For instance, 

CNTs, fullerenes, polymers, silica, magnetic and non-magnetic metal oxides, 

metalsulfides semiconductor, AgNPs and AuNPs [39-44]. 

Now, the main trends in chromatography technology focus on new 

stationary phases and detection. Interesting development was undertaken in 

this way, in particular after the use of NMs, showing good chemical stability, 

selectivity, separation efficiency, and overcoming the encountered drawbacks 

by conventional phases (Table 3). The wide range of applications including 

NPs in the separation step show a remarkable improvement of selectivity and 

separation efficiency in GC, HPLC, CZE and CEC. 

 

1.3.3. Use of NMs in the detection process 

 

The use of NPs for the improvement of the detection is another aspect 

of analytical nanochemistry, which has recognized, in the last decades, a great 

progression. NPs can be involved in this point of analysis by their involvement 

in development of electrodes or NPs-modified electrodes to detect chemical or 

biochemical substances. The designed electrodes can be modified by 

antibodies or other substances, according to the type of analytes, to 

successfully achieve the analytical requirements. The most common NMs are 

MetNPs, SWNTs, MWNTs, and organic-inorganic hybrid NMs. 

The remarkable properties of the modified nanoelectrode are their high 

selectivity, high activity and strong adsorption capability, which are broadly 

used in the detection of trace amount of substances in different matrices, and 

extended to the non-easily detectable analytes by conventional electrodes. This 
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exploitation became one of the important research fields in modern analytical 

chemistry. 

 

Table 3. Representative examples of the use of NPs-based stationary or pseudostationary phases 

in different techniques. 
 

NPs State of NPs Techniques Analytes Ref 

CNT Bonded GC Racemates [45] 

Fullerene Coated GC Aromatic hydrocarbons [46] 

AuNPs Coated GC Benzene, etc. [47] 

Silica Packed GC Alkanes, alcohols, etc [48] 

CNT Bonded HPLC Cellulose trisphenylcarbamate [49] 

Fullerene Packed HPLC Organic molecules [50] 

AuNPs Coated HPLC Peptides [51] 

Silica Packed HPLC - [52] 

CNT Coated CE Flavonoids and phenolic acids [53] 

Fullerene Coated CE Ephedrines [54] 

AuNPs Capped CE Dopamine, etc. [55] 

Silica Adsorbed CE Proteins [56] 

CNT Bonded CEC Tetracyclines  [57] 

AuNPs Coated CEC FITC-labeled ephedrine, etc. [58] 

Silica Coated CEC Enantiomers [59] 

 

The use of MetNPs and CNTs in manufacturing the electrodes- 

composites (where they act as mediators), are dramatically increasing. The 

"new" electrodes are important because of their numerous advantages, 

including large surface area, low resistance to electronic transmission and the 

ability to absorb chemically (bio)chemical analytes, which make them very 

attractive and useful in the electrochemical classical determinations [60]. The 

roles that play the NPs in this field are the minimization of deterioration of the 

electrode surfaces, the increase of the electrocatalytic activity and the 

simplification immobilization process of biomolecules (such as enzymes, 
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antibodies) in the surface of the electrode [61]. For this purpose, many works 

based on the modification of electrodes by CNTs, AuNPs, ZrO2, and TiO2 

were developed, in order to detect trace analytes from environmental samples 

[62-67]. In this way, the hybrid NMs are thrived by the combination of CNTs 

and AuNPs for the manufacture of electrodes, thereby finding that some 

electrocatalytic properties thereof increase [68].  

 The fluorescence and absorbance detection are usually used in the 

analytical field as a routine measure, due to their ease handling and their rapid 

response obtained by a simple instrumentation, in a rapid way with a high 

sensitivity (detection limit which can be fairly low) and satisfactory 

reproducibility. Even in these routine instruments, NMs can be involved in the 

detection. In fact, they have been used to develop many works involving 

several NPs such as AuNPs for determination of various analytes. For 

instance, the detection of melanin was carried out based on the ability of these 

NPs to make a quenching when those molecules are trapped in the surface of 

the NPs by electrostatic interaction. In the addition of melanin the 

fluorescence increases due to releasing fluorescein adsorbed to the NPs [69]. 

 The exhibition of a high colorimetric selectivity to cysteine by 

functionalized AuNPs solution, demonstrated the usefulness of NPs in 

detection step. The results indicated that the introduction of cysteine could 

induce the aggregation of the colloidal solutions at the presence of sodium 

chloride, displaying changes in color and in UV–vis absorption spectra [70]. 

MetNPs was also used in a new chemiluminescence system used for the 

determination of cysteine by an automated injection system [71]. 

The detection using NMs has shown a great promise by their capacity 

to bind the analytes of interest and to amplify the corresponding analytical 
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signal [72]. The intensity and wavelength of surface plasmon resonance peaks 

can be modulated via changing shapes and structures of NMs, such as the case 

of hollow spheres, core-shell structures, and the aspect ratio of nanotubes or 

nanowires [73]. These capabilities are hard to be realized by using 

conventional materials. 

 SERS is a surface-sensitive technique that enhances Raman scattering 

by molecules adsorbed on rough metal surfaces or by nanostructures, such as 

plasmonic-magnetic silica nanotubes. This technique has a great potential as 

an analytical technique [74], and allows the use and the exploitation of NMs to 

achieve different analytical objectives. MetNPs are widely applied with this 

technique, which act as a target molecule appealing analytes, and concentrate 

them within the zone of electromagnetic enhancement, in order to improve 

SERS detection and molecular identification, even though if a very weak 

Raman signal is produced. NPs, such as MetNPs and QDs, are the most 

commonly used as the electroactive species or optical sensitive substance used 

for sensing contaminant substances [75].  

In the case of QDs, it can either absorb light energy or emit photons at 

characteristic wavelengths. These optical characteristic can be modulated by 

modifying size, structure, and surface of QDs in a broad range of visible light 

wavelength. In most cases, QDs are functionalized with some particular 

substances to extract the target molecule. By interpreting the intensity and 

wavelength change of absorption or fluorescence peaks, the concentration of 

the target can be deduced. 

SERS have been used in the study of several contaminant, such as 

PAHs and polychlorinated biphenyls [76,77]. It was pointed out that the 

design of partition layer-modified nanostructured substrates was a key fact to 
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obtain successful SERS measurements. The partition layer action is to 

concentrate the pollutant (the target analytes) within the enhancing 

electromagnetic fields, so that the target molecule remain very close (within 5 

nm) of the roughened noble metal substrate, which finally improves SERS 

detection and molecular identification. In addition, the combination of noble 

metals and magnetic materials, SERS signals of some molecules can be 

obtained [78,79]. The combination of Au–Co and Au–Ni NPs show high 

SERS activities due to the long-range effect of electromagnetic field of Au 

core when using pyridine as probe molecule [80]. 

 In general, the applications presented above demonstrates the important 

roles that NPs play in the detection step, and it may be concluded that NMs 

can be involved in any level of analysis process and for many purposes, while 

adapting the tools to the corresponding objectives by the modification of NPs 

(functionalization) and their characterization taking into account the 

possibility of using the chromatography and capillary electrophoresis for this 

goal. 
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2. Addressed strategies in this Thesis  

 

 N&N becames a powerful resource to analytical chemistry through the 

development of NPs and their implication as useful tools in sample treatment 

(sample clean-up, concentration of analytes or both), in separation as 

stationary or pseudostationary phases in chromatographic, and capillary 

electrophoresis, as well as in detection step for the determination of interesting 

substances and for its own analysis (used as target analyte). For this purpose, 

the characterization of developed NPs is an aspect of great importance before 

their use in the whole analytical process.  

In general, the chemical properties of the NPs, such as sorption 

capabilities, must be exploited but their physical properties, such as 

magnetism, can also be exploited too. In both cases, NPs or chemically 

modified NPs are used to perform sample clean-up and preconcentration 

processes, as well as the detection of analytes through the signal measurement 

of NPs (detection of NPs). Compared to traditional methods, the use of NPs 

can allow the simplification of the analytical methods and to perform them at 

the required rapidity, sensitivity and selectivity, and with the possibility of use 

small amounts of samples and small amounts of NPs. In fact, four main 

aspects have been considered in this Thesis:  

 Characterization and size separation of AuNPs. 

 The use of CNTs as sorbent in SPE. 

 The use of MNPs as sorbent in MSPE. 

 The determination of analytes by involving AuNPs in the detection. 

These aspects are briefly considered in the following points. 
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2.1. Use of MNPs in sample preparation 

 

 A general view of the use of NMs in sample preparation is depicted in 

Figure 7. MNPs are a class of NPs, which can be handled by using an external 

magnetic field. Many MNMs are synthesized with a wide range of magnetic 

materials such as iron, nickel, cobalt, magnetite or maghemite and their 

chemical compounds. 

 Iron oxides (Fe2O3 and Fe3O4) and their corresponding ferrites (e.g., 

MnFe2O4 and CoFe2O4), are the most commonly used for manufacture of 

MNPs because of their high magnetic moments, biological compatibility, and 

the simplicity of their preparation process, in comparison with other MNPs-

based metals and alloys such as Mn3O4, Co, Ni, FePt, and FePd, which have a 

rapid oxidation in air and/or a potential cytotoxicity. Thus, ferrite oxide 

magnetite (Fe3O4), have been the focus of many recent works, because it is the 

most magnetic of all the naturally occurring minerals on earth, and it is widely 

used in the form of superparamagnetic NPs for many diverse applications. 

Taking the advantage of large surface area of particles with nanosize 

dimension, providing a high sorption capabilities, and strong response of the 

materials under an applied magnetic field, it must be remarked that, compared 

with traditional systems, the use of MNPs allows the simplification of the 

methods by the ease of handling, as well as the possibility of processing small 

amounts of samples. Therefore, different magnetic oxides, with a wide range 

of properties, have been synthesized using several methods, such as co-

precipitation method, aerosol route, hydrothermal reaction, oxidative 

precipitation, organic precursor method, sonochemical decomposition, and 

sol–gel synthesis technique [81]. 
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Figure 7. Use of NMs in sample preparation. 

 

 These MNMs can be rapidly isolated from sample solutions by the 

application of an external magnetic field, which significantly facilitates the 

sample preparation without the involvement of additional centrifugation or 

filtration after the extraction.  MNPs, such as Fe3O4, are promising candidates 

in terms of the several unique properties: (i) high adsorption is expected 

because of the large surface area to volume ratio of the MNPs [82]; (ii) 

superparamagnetic properties and low toxicity provided by MNPs [83]; and 

(iii) chemical modification of the MNPs surfaces using a wide range of 

techniques [84]. Since the pioneering study of Robinson et al. in 1973 [85], 

MNPs have been used in sample treatment in a wide range of applications for 

the extraction of several compounds, such as organic compounds [86,87], 
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metal ions [88-90], and phenolic compounds [91,92] from environmental and 

biological samples. This material is simple, economical and effective [93,94]. 

 Thanks to these applications, it has been demonstrated that binding 

capabilities of these materials were higher than the metal adsorption capacities 

of the unfunctionalized particles [88]. This mean that particle interactions with 

their environment are greatly affected by their surface functionality. The 

development of methods for surface modification of MNPs is important to 

improve their chemical functionalities and their solubility. Therefore several 

MNPs with different coatings compounds such as alumina [95], octadecyl 

groups [96], graphene [97] or carbon [98], and polymers [99], have already 

been proposed as substituent material to perform analytical methods. In spite 

of these innovations, more attention will be paid to improve the efficiency and 

simplicity in the analytical magnetic carrier technology. 

 

2.1.1. Use of MNPs in MSPE 

 

 MSPE, which based on the use of magnetic or magnetically modified 

adsorbents with paramagnetic properties, has been successfully applied to 

solve different analytical problems. In addition to its great extraction 

efficiency, MSPE simplifies the overall procedures, such as (i) the sorbent 

dispersion in sample solution instead of being packed into a SPE cartridge, (ii) 

the increase of the extraction rates by the improvement of the contact area 

between the sorbent and the sample, and (iii) the collection of sorbent material 

after the extraction by using an external magnetic field, which is a simpler 

alternative compared to centrifugation or filtration. 
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 The usefulness of MSPE has been based on two basic aspects. Firstly, 

the trend of the sorbents sizes from the micrometer to the nanometer scale 

resulting in an increase of the extraction efficiency thanks to the enhancement 

of the surface area of the particles. Secondly, improving the selectivity in 

extraction procedures by chemical modification of the MNPs surfaces. 

Therefore, considerable efforts have been paid to develop various magnetic 

nano-adsorbents in recent years, and their use in potential applications as 

MSPE for analytes of interest, such as carbamate pesticides [100], uranyl ions 

[101], flavonoids [102], PAHs [103], cadmium and lead [104]. Although 

substantial progress has been made, new magnetic sorbents with simple 

preparation processes, low price and high adsorption efficiencies are still 

highly desirable. 

 

2.1.2. Magnetic molecularly imprinted polymers 

 

 The molecular imprinting technique consists in the formation of ligand-

selective recognition sites in synthetic polymers, at which a template is 

employed in order to allow the of the recognition site during the covalent 

assembly of the bulk phase by a polymerization or polycondensation process. 

The subsequent removal of some or the entire template is necessary to allow 

the recognition, taking place in the vacated spaces by the template species. 

The first reference to a polymerization in the presence of a template molecule 

dates back to 1931, when Polyakov synthesized a silica matrix and wrapped a 

template molecule inside [105]. It was not until 1972 when Ali Sarhan et al. 

reported the first imprinted polymer as they are known today [106]. From 

1972, several articles were published in this field, but it was not until 1983 
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when Vlatakis et al. [107] published a manuscript using MIPs in many 

different applications. Then, in 1994 Sellergren reported the use of MIPs as 

sorbents for SPE by the first time [108,109]. In this work, pentamidine was 

extracted from urine samples. Thus, MIPs were increasingly used as sorbents 

in SPE, proposing the so-called molecularly imprinted solid-phase extraction 

(MISPE). Compared to natural receptors, MIPs not only demonstrate 

comparable molecular selectivities but they are also more robust and reusable, 

and less expensive to prepare [110]. 

 This technique has attracted great interest because of its high 

selectivity, chemical stability and easy preparation. MIPs were used as 

sorbents in separation and enrichment of trace target molecules or its 

analogues from complex systems. MISPE is usually used in cartridge mode, 

which often results in a tedious column packing procedure, high backpressure, 

and a low flow rate [33]. The question is then: how can be surmount these 

limitations while still retaining the advantages of MISPE? Attempts have been 

made to develop an on-line MISPE system or to prepare a monolithic column 

coupled to a chromatographic system [111-114]. Including magnetism into the 

MIP and then using magnetic separation is another promising alternative. 

Magnetic MIPs (M-MIPs) can provide a relatively rapid and convenient way 

for withdrawal of magnetic polymers from sample matrices by a magnet 

without additional centrifugation or filtration. 

 Zhang et al. [115] and Chen et al. [116] applied MMIPs to solid or 

semisolid samples to perform trace analyses of triazines and tetracycline 

antibiotics, respectively. The advantage of an M-MIP is obvious, as it has been 

previously described [33]: “the participation of a magnetic component in the 

imprinted polymer can build a controllable rebinding process and allow 
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magnetic separation to replace the centrifugation and filtration step in a 

convenient and economical way.” When MIP particles contain magnetic 

components, the adsorption can be achieved by dispersing them in solution, 

and they are then easily separated from the matrix by applying an external 

magnet. Therefore, MISPE with magnetic separation allows convenient and 

highly efficient enrichment and avoids the need to pack the SPE column and 

the time-consuming process of loading a large-volume sample. 

 

2.1.3. Synthesis of MMIPs 

 

 MIPs are synthesized by copolymerizing the suitable monomer(s), 

cross-linking agent and magnetic NPs in the presence of the molecule to which 

the sorbent is intended to be selective. This molecule is known as the template 

molecule. The high degree of selectivity arises because, during the synthesis of 

the MMIP, the molecule that the MMIP is intended to be selective for, is 

involved in the polymerization process, leaving a finger-print for further 

recognition. 

 The synthesis of MMIPs starts in the same way as with any other kind 

of polymerization: all the monomers involved in the polymerization process 

are mixed together and then left to polymerize. However, selection of the 

monomers involved in the polymerization process is crucial for the MMIP to 

have the desired selectivity. In the synthesis of MMIPs, all the monomers used 

in the polymerization process have a very well-defined role and are known as 

functional monomers and cross-linking agents.  

 The general procedure for obtaining MMIPs is to mix the template 

molecule with the functional monomer. The functional monomer must always 
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have complimentary functionalities to the template molecule because. Once 

the MMIP is obtained, the functional monomer is the part responsible for the 

selective retention of the analyte on to the MMIP. Due to this 

complementarity, a complex template molecule-functional monomer is formed 

by self-assembly of those molecules when the functional monomer and the 

template molecule are mixed together. This complex is essential for a proper 

recognition of the target molecule by the MMIP. Afterwards, a cross-linking 

agent is added. Its function is to link the polymeric chains growing in the 

solution and to deliver the mechanical properties for the intended application. 

As in any polymerization process, an initiator agent must be introduced into 

the solution to induce polymerization after all of the compounds involved in 

the synthesis of the MMIP have been added. This agent normally has an 

unstable structure that, once exposed to either UV radiation or heat, easily 

decomposes into radicals, which are responsible for starting the 

polymerization process. Once the polymer is obtained, the template molecule 

is extracted, leaving behind different cavities that are not only complimentary 

in size and shape to the template molecule but also have complimentary 

functionalities to this molecule. Additionally, the functionalities inside this 

cavity reinforce the selective retention of the target molecule on to the MMIP. 

This synergy established between these two factors is the added value that 

MMIPs have to offer over other sorbents used in SPE. 

 The used magnetic NPs, such as Fe3O4, is an important step at which 

the surface of NPs is modified or functionalized, for a compatible 

polymerization reaction and providing magnetic properties. The way to prove 

that the polymer produced is actually imprinted is by testing the affinity that 

the polymer synthesized has towards the template molecule and compare this 



Addressed strategies in this thesis 

 

41 

 

affinity with a polymer obtained using the same synthetic protocol and 

monomer composition but without the template molecule. This polymer is 

known as a control polymer or magnetic non-imprinted polymer (M-NIP). 

Once the two polymers have been obtained, there are two general procedures 

for testing the affinity of the MIP towards its target molecule: one is by testing 

a parameter known as the imprinting factor (IF), which involves a 

chromatographic evaluation, and the other is by performing rebinding assays. 

Regarding rebinding assays, the affinity of the target molecule towards the 

MMIP is obtained by comparing the different amounts of target molecule 

adsorbed on the MMIP and on the MNIP [117,118].  

 

2.1.4. Analytical applications of MMIPs 

 

 When magnetic components are encapsulated into MIPs, the resulting 

MMIP composite polymer will not only have a magnetically susceptible 

characteristic, but also it will have selectivity for the guest molecule. 

Additionally, they exhibited higher recognition selectivity and certain 

magnetic response to external magnetic fields [119]. Because of a high 

selectivity of MMIPs, they present, in some cases, similar or higher 

recognition levels compared with natural systems such as monoclonal 

antibodies. They have been classified as a suitable material for clean-up, 

selective separation and extraction of analytes from complex samples. Thus, 

the most important applications of MMIPs have been their use as selective 

adsorbents in analytical processes for clean-up and/or preconcentration of 

samples [120-122]. As it is demonstrated in numerous occasions, exceptional 

characteristics of affinity and selectivity are added to the magnetism property 
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of these materials. Table 4 summarizes some recently published works, in 

which MMIPs are used as sorbent material in environmental, bioanalytical, 

pharmaceutical or food applications.  

 

Table 4. Application of magnetic molecularly imprinted polymers for determining compounds in 

complex sample matrices. 

Analyte Sample matrices Detection technique LOD
 

(µg/L) 

Ref
 

Bisphenol A Tap water HPLC 0.08 [122] 

1-Naphthylamine Drinking water Optical measurement 18 [124] 

b-Lactam 

antibiotics 

Milk LC -MS 1.6–2.8 [125] 

Sterols Mushroom, serum. GC-MS 1.1–3.6 [126] 

Urinary lysozyme Human urine Chemiluminescence 5 [127] 

Bovine serum 

albumin 

Human blood 

Plasma 

Electrochemical 

biosensor 

0.028 [128] 

Gibberellin acids Plant LC-MS 1.9–4.4 [129] 

Rutin 

 

Saururus chinensis, 

and Flos Sophorae 

HPLC 7.8–9.4 [130] 

Tetracyclines Milk samples HPLC 7.4–19.4 

(µg/kg) 

[131] 

Naproxen Human urine  Spectrofluorometer 2 [132] 

LOD: Limit of detection. 
Ref : References. 

 

2.2. Use of CNTs in sample preparation 
 

 Carbon nanotubes (CNTs), a special kind of carbon, were first reported 

by Iijima in 1991 [133]. CNTs can be thought of as cylindrical hollow micro-

crystals of graphite [119], and can be classified as single-walled CNTs 

(SWNTs) and multiwalled CNTs (MWNTs), as it is illustrated in Figure 8. 

This figure shows the typical dimensions of length, width of SWNTs, and 

separation distance between graphene layers in MWNTs. 
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Figure 8. Conceptual diagram of SWNT (A) and MWNT (B) delivery systems showing typical 

dimensions of length, width, and separation distance between graphene layers in MWNTs. 

(Extracted from ref.[134]). 

 

 Over the past 20 years, CNTs have been exploited in analytical and 

other fields, such as biosensors, with immobilized biomolecules, 

electrochemical detectors, gas sensor, catalyst supports, because of their high 

surface area, narrow pore size distribution, low density and the ability of 

binding functional groups [135]. As it is well known, the most common CNTs 

synthesizing methods include chemical vapor deposition (CVD) [136], arc 

discharge method [137] and laser vaporization or laser ablation method [138] 

which allow, up to some extent, to synthesize moderately high quantities of 

CNTs with a relatively precise number of layers. CNTs as SPE adsorbents 

have been investigated to extract organic compounds, such as pesticides 
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(carbofuran, iprobenfos, parathion-methyl, prometryn, fenitrothion etc.), 

PAHs, antibiotics, sulphonylurea herbicides, sulfonamides, phthalate esters, 

endocrine disruptors, triazines, microcystines, pyrethroids and polybrominated 

diphenyl ethers [139]. In several comparative studies, it was also proved that 

CNTs were more effective than other commonly used commercial adsorbents, 

such as C18 bonded silica, activated carbon, and ormacroporous resins [140]. 

In addition, they may be reused more than 100 times after proper cleaning and 

reconditioning [140]. CNTs can also preconcentrate volatile organic 

compounds, and they extensively used for preconcentration of metal ions, such 

as copper, nichel, cobalt, vanadium, silver, cadmium, rare earth elements etc 

[139]. 

 

2.2.1. Adsorption properties of CNTs and applications 

 

 The characteristic structures of CNTs allow a strong interaction with 

organic molecules via non-covalent forces, such as hydrogen bonding, π-π 

stacking, electrostatic forces, van der Waals forces and hydrophobic 

interactions [143]. Regarding their chemistry, it has been widely described in 

the literature a high number of procedures for the modification of their side 

walls which clearly enlarges their potential. Then, the presence of 

functionalized CNTs allows the possibility of incorporating one or more of 

these interactions which increase the selectivity and the stability of the system. 

Therefore, solubilization approaches like their functionalization are in many 

cases necessary. In general, it is possible to modify them by covalent or non-

covalent functionalization [142,143]. Among the adopted functionalization is 

chemical oxidation, normally involves a previous oxidation step (with a strong 
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acid like HNO3, H2SO4, etc., at high temperature) in which –COOH, –OH and 

–CO– groups, as the most important, are introduced in their structure [144], 

after which different substitution reactions are carried out. It was extensively 

reported the modification of adsorption properties of single-walled CNT via 

strong acid exposure [145], and the effect of the surface modification on the 

possibilities of chemical bonding is therefore particularly extensive [146]. 

 The influence of the surface functionalization on the colloidal stability 

of CNTs, as well as on the sorption of heavy metals was investigated [147]. 

Uranium (VI), a chemical element of considerable public concern, was chosen 

as an example of a toxic heavy metal. The results indicated that acid treatment 

increases the amount of acidic surface groups on the CNTs and intensify the 

effect upon the colloidal stability of the CNTs, and on their adsorption 

capacity for U (VI). The simple oxidation under acidic conditions resulting in 

the generation of carboxyl groups along their length, and thus producing 

carboxylated SWCNTs (c-SWCNTs) which have shown a high sorption 

capacity to retain non steroidal anti-inflammatory drugs and tetracyclines in 

urine [148]. This NM has been used with MWCNTs in the determination of 

several pesticides in virgin olive oil, showing c-SWCNTs have a great 

potential as sorbent material for the SPE procedure [149]. 

 

2.2.2. Future perspectives 

 

 As Dresselhaus et al. reported "Carbon has been investigated for more 

than half a century without exhausting its wonders and challenges" [150]. 

Nanotechnology could provide the ability to better understand and design 

complex solutions on an atomic and molecular scale of CNT surface 
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properties. This non-stop investigation and development is due to 

improvements in both experimental techniques and theoretical calculations 

and due to advances in nanoscience generally, which can be traduced in 

numerous applications in the future. The excellent properties of CNT have 

already resulted in their use in commercial available products. It is expected 

that the global CNT revenue in 2015 will reach US$500 million (Figure 9).  

 

 
                       * Projected 

 

Figure 9. Global revenue of CNTs. (extracted from ref. [151]). 

 

It means that the advances of applied basic science used to create innovative 

applications, taking into account that chemically functionalized CNT also give 

a high sensing ability for chemical and biological groups, probably, will be 

expanded in the production of commercially available materials applied as 

useful tool in sample preparation, for the determination of several chemical, 

biological and environmental compound extracted from complex samples. 
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2.3. Analytical applications of AuNPs  

 

 Recently, AuNPs have gained more attention from the researchers, in 

comparison to other metal NPs (MNPs) [152-154]. Therefore, they are one of 

the most versatile and widely studied NMs as they were demonstrated in 

various nanoscale applications, including chemical sensing, electronics, optics, 

and biology [155]. AuNPs present unique properties such as SERS [156], 

surface plasmon resonance (SPR), [157] and fluorescence enhancing and 

quenching effects [158,159]. These properties have been exploited in a wide 

variety of applications at different aspects, as it can be seen in Figure 10. On 

the one hand, the use of MetNPs as tool in analytical process, by their 

implication in sample treatment by detection of molecules from 

environmental, biological, and manufactured samples. On the other hand, the 

use of MetNPs as a target analyte in detection step, for their characterization 

or determination of analytes, by their direct detection. 

 The preparation of AuNPs was achieved thorough the mentioned 

methods in section 1.1. Gold bulk is broken down by a strong attack force, for 

example, ion irradiation in air or arc discharge in water, to produce AuNPs 

(top down). The use of this method is limited because of its difficulty to 

control the size and shape of particles, as well as to obtain a narrow particle 

size distribution. On the other hand, the other method (bottom-up) is simple 

and controllable in term of sizes and shapes, using wet chemical process to 

prepare them, including chemical reduction of gold salts, electrochemical 

pathways and decomposition of organometallic compounds [160]. 
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Figure 10. The two sides of MetNPs in analytical science. 

 

  Figure 11 presents the general formation mechanism of AuNPs by the 

chemical reduction method in solution. Many functional AuNPs are prepared 

by a two-step process [160]: nucleation and successive growth. Nucleation 

occurs through the reduction reaction and collision between ions, atoms, and 

clusters. The growth from Au seed particles is conditioned by specific 

conditions of chemical concentration, surfactant, pH, temperature, etc. Until 

now, a variety of sizes and shapes, including gold nanospheres, nanorods, 

nanobelts, nanocages, nanoprisms, and nanostars, have been manufactured, 

which strongly influence the chemical, optical, and electromagnetic properties 

of AuNPs [161].  
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Figure 11. Formation mechanism of Au NPs at various particle sizes and shapes by chemical 

reduction method. (Extracted from ref. [160]). 

 

 AuNPs are considered as an excellent scaffold which offers a suitable 

platform for multifunctionalization with a wide range of organic or biological 

ligands for the selective binding and detection of small molecules and 

biological targets or to change their chemical and physical properties.  
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 FRET, and chirality of NPs is among the interesting phenomenon 

observed, resulted by these functionalization, which can be exploited for the 

best understanding of AuNPs surface properties and relativities. Design, 

synthesis, and functionalization of AuNPs for specific applications or 

fundamental inquiry remains immature without accurate and well resolved 

characterization of NPs size and structure. In fact, these features present an 

important and complimentary task for developing new methods of synthesis 

and functionalization of new McNPs and the increase in their physicochemical 

stability, lifespan and selectivity.  

 

2.3.1. Characterization of AuNPs 

 

 NPs may be characterized using a variety of traditional techniques 

including transmission electron microscopy (TEM), atomic force microscopy 

(AFM), dynamic light scattering (DLS), size exclusion chromatography 

(SEC), flow field flow fractionation (FFFF), matrix-assisted laser 

desorption/ionization time-of-flight mass spectrometry (MALDI-TOF), 

ultraviolet-visible spectroscopy among others. The characterization of 

nanostructures has become very important aspects of the emerging field of the 

NMs, where macroscopic properties are directly influenced by subtle 

nanostructural changes. In the case of AuNPs, the sensitivity and specificity of 

detection are highly dependent on the particle size [162,163]. Therefore, many 

methods have recently been reported for size separation and determination of 

AuNPs, including CE [164], FFFF [165], and SEC [166] among others. 

However, despite the use and the effectiveness of the developed methods, the 

most of them have some drawbacks, such as high cost, expensive 
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instrumentation involved, time-consuming technique, absence of any 

separation process, need for good sampling techniques, limited size range 

measurement, indirect measurement, only dispersion measurement, or NPs 

must be located on a surface. Thus, the need to control the growth of MetNPs 

by the design of new methods of characterization is still in a great demand. 

 

2.3.2. Chirality of AuNPs 

 

 Recently, the researchers focused their investigations on the chirality of 

AuNPs, which is considered as an intriguing property. Several works have 

dealt with this subject by developing the chirality through adsorption and long-

range ordering of molecules on nonchiral metal surfaces, presenting chiral 

AuNPs bound by peptides [167,168], chiral Thiol [169,170], and chiral 

mesoporous silica, which demonstrate a high chiral recognition ability to Cys 

[171]. These studies conclude that adsorbed molecules may also transfer 

chirality onto the structure of the nonchiral metal, by the creation a locally 

chiral environment near the metal surface. This may lead to a “chiral 

footprint” on the nonchiral surface [172]. The origins of the observed optical 

activity and, in particular, the possibility that the metal core is intrinsically 

chiral were discussed, but these questions remain open after extensive 

theoretical and experimental studies in recent years [172,173]. Despite of the 

deployed efforts to insight into the origin of chirality on the AuNPs surface, 

more researches and applications on this purpose are needed. This perspective 

is considered as a major step toward systematic understanding and utilization 

of NMs. 
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2.3.3. AuNPs sensing-based FRET 

 

 The most important applications of FRET is fluorescence quenching-

based turn-on. In this phenomenon fluorescence intensity was enhanced by the 

addition of a compound with much stronger affinity, resulting in detachment 

of the donor from the surface of the acceptor. Thus, the restored fluorescence 

intensity will be proportional to the concentration of the target. 

 Since AuNPs offer a suitable surface for binding molecules and 

functionalization, they were used as platform for a wide range of organic or 

biological fluorescent ligands for the selective binding and detection of small 

molecules and biological compounds. It is also demonstrated that it is a 

suitable platform for FRET system, and that small particles quench the 

fluorescence by increasing absorption, whereas larger particles enhance 

fluorescence by enhancing scattering [174]. When a fluorophore is within 5 

nm of the surface of MetNPs, quenching dominates over the increase in 

fluorescence intensity. If a fluorophore is at 10 nm or larger distance, the 

increase in fluorescence dominates over quenching and reaches a maximum at 

a certain distance. At larger metal-fluorophore separations, the enhancement of 

fluorescence gradually decreases [175]. Then, the FRET depend on the size of 

the metal and the distance between this one and the fluorophore, and the 

quenching of intensity is mostly due to electron and energy transfer processes, 

which involve the surface energy transfer from the molecules to NPs. 

Therefore, several studies have been focused on fluorescence quenching-based 

turn-on, using AuNPs for sensitive and selective detection of DNA [176], 

thrombin [177], thiol-containing molecules [178], melamine [179], metallic 

ions [180,181] and immunoassays [182]. The combination of FRET systems 
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with AuNPs offers promising perspectives, which can lead to rapid and lower-

cost of chemical and biological analysis. 

 The requirement of new analytical methods using AuNPs as a powerful 

tool in detection step for sensing analytes, owing their optical properties, open 

new perspectives to investigate and to detect more molecules with high 

sensitivity including FRET systems. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



References 

 

54 

 

References 

 

 [1]  M. Valcárcel, B. M. Simonet, S. Cárdenas, Analytical and Bioanalytical 

 Chemistry, vol. 39, 2008, pp. 1881.  

[2] M. Lucas, Z. L. Wang, E. Riedo, Applied Physics Letters, vol. 95, 2009, 

 Article ID. 051904.  

[3]  R. Singhal, S. Bhattacharyya, Z. Orynbayeva, E. Vitol, G. Friedman, Y. 

 Gogotsi, Nanotechnology, vol. 21, 2010, Article ID. 015304.  

[4]  A.B. Delcalzo, R. Martínez-Mañez, F. Sancenon, K. Hoffmann, K. Rurack, 

 Angewandte Chemie International Edition, vol. 45, 2006, pp. 5924.  

[5]  C.Y. Lee, M.S. Strano, Journal of The American Chemical Society, vol. 130, 

 2008, pp. 1766. 

[6]  R. Lucena, B.M. Simonet, S. Cárdenas, M. Valcárcel, Journal of 

 Chromatography A. vol. 1218, 2011, pp. 620-637. 

[7] G. A. Mansoori, T. F. George, L. Assoufid, G. zhang, Molecular building 

 blocks for nanotechnology from diamondoids to nanoscale materials and 

 applications, Springer, 2007, pp. 1–440. 

[8]  B. D. Fahlman, Materials Chemistry, Springer, 2007, ISBN 978–1–

 4020–6119–6. 

[9]  E. Roduner, Chemical Society Reviews, vol. 35, 2006, pp. 583–592. 

[10]  H .Gleiter, Acta Materialia, vol. 48, 2000, pp. 1–29. 

[11]  V.V. Pokropivny, and V.V. Skorokhod, Materials Science and Engineering  

 C, vol. 27, 2007, pp. 990–993.  

[12]  G. Oberdörster, A. Maynard, K. Donaldson, V. Castranova, J. Fitzpatrick, 

 and K. Ausman, Particle and Fibre Toxicology, vol. 2, 2005, pp. 8. 

[13]  K.W. Powers, S. C. Brown, V. B. Krishna, S. C. Wasdo, B. M. Moudgil,  and 

 S. M. Roberts, Toxicological Sciences, vol. 90, 2006, pp. 296–303. 



References 
 

55 

 

[14] C. Buzea, I. I. P. Blandino, and K. Robbie, Biointerphases, vol. 2, 2007, pp. 

 MR17–MR172. 

[15]  D. B. Warheit. Toxicological Sciences, vol. 101, 2008, pp. 183–185. 

[16]  S. J. Klaine, P. J. J.Alvarez, G.E. Batley, T. F. Fernandes, R. D. Handy, and D. 

 Y. Lyon, Environmental Toxicology and Chemistry, vol. 27, 2008, pp. 1825–

 1851. 

[17]  M. Valcárcel, Las nanoestructuras de carbono en la nanociencia y 

 nanotecnología analíticas, ISSN: 0214-9540, Realigraf, Madrid (España),  2010, 

 pp. 1–226. 

[18]  A. A. Farghali, M. Bahgat, W. M. A. ElRouby, M. H. Khedr, Journal of 

 Nanostructure in Chemistry, vol. 3, 2013, pp. 1–12. 

[19]  S. M. Sadeghi, Nanotechnology, vol. 20, 2009, Article ID.  225401.  

[20]  C. Uhlschmied, C. Krieg, G. Abel, M. Popp, C. W. Huck and G. K. 

 Bonn, The Open Analytical Chemistry Journal, vol. 7, 2013, pp. 12–21. 

[21]  G. Z. Fang, J. X. He, and S. Wang, Journal of Chromatography A, vol. 1127, 

 2006, pp. 12–17. 

[22]  A. F. Barbosa, M. G. Segatelli, A. C. Pereira, A. S. Santos, L. T.  Kubota, P. O. 

 Luccas, and C. R. T. Tarley, Talanta, vol. 71, 2007, pp. 1512–1519.  

[23]  C. Xie, Z. Zhang, D. Wang, G. Guan, D. Gao, J. Liu, Analytical Chemistry, 

 vol. 78, 2006, pp. 8339–8346.  

[24]  Y. Li, H. Yang, Q. You, Z. Zhuang, X. Wang, Analytical Chemistry, vol. 78, 

 2006, pp. 317–320. 

[25]  X. Zhu, D. Yang, X. Chang, Y. Cui, Z. Hu, X. Zou, Microchimica Acta, vol. 

 161, 2008, pp. 115–122. 

[26]  C. Huang, B. Hu, Spectrochimica Acta B, vol. 63, 2008, pp. 437–444. 

[27]  G. A. Waychunas, C. S. Kim, J. F. Banfield, Journal of Nanoparticle Research, 

 vol. 7, 2005, pp.  409–433.  



References 

 

56 

 

[28]  S. Y. Vasileva, A. Y. Olenin, G. I. Romanovskaya, Y. A. Krutyakov, V. I. 

 Pogonin, A. S. Korotkov, B. K. Zuev, Journal of Analytical Chemistry, vol. 64, 

 2009, pp. 1214–1220. 

[29]  S. Wang, H. Bao, P. Yang, G. Chen, Analytica Chimica Acta, vol. 612, 2008, 

 pp. 182–189. 

[30]  A. A. Ensafi, A. R. Allafchian, Colloids and Surface B, vol. 102, 2013,  pp. 

 687–693. 

[31]  E. Tahmasebi, Y. Yamini, Analytica Chimica Acta, vol. 756, 2012, pp. 13–22. 

[32]  J. D. Qiu, M. Xiong, R. P. Liang, H. P. Peng, F. Liu, Biosensors and

 Bioelectron, vol. 24, 2009, pp. 2649–2653. 

[33]  M. Bouri, M. L. García, R. Salghi, M. Zougagh, A. Ríos, Talanta, vol. 99, 

 2012, pp. 897–903. 

[34]  L. Chen, X. Zhang, Y. Xu, X. Du, X. Sun, L. Sun, H. Wang, Q. Zhao, A. Yu, 

 H. Zhang, L. Ding, Analytica Chimica Acta, vol. 662, 2010, pp. 31–38. 

[35]  P. Yu, Q. Wang, X. Zhang, X. Zhang, S. Shen, Y. Wang, Analytica 

 Chimica Acta, vol. 678, 2010, pp. 50–55. 

[36]  M. Bouri, M. Gurau, R. Salghi, I. Cretescu, M. Zougagh, A. Rios, 

 Analytical and Bionalytical Chemistry, vol. 404, 2012, pp. 1529–1538. 

[37]  R. Freitag, Journal of Chromatography A, vol. 1033, 2004, pp. 267–273. 

[38]  B. Neiman, E. Grushka, and O. Lev, Analytical Chemistry, vol. 73, 2001, pp. 

 5220–5227. 

[39]  E. Guihen, J. D. Glennon, Analytical Letters, vol. 36, 2003, pp. 3309–3336. 

[40]  T. B. L. Kist, M. Mandaji, Electrophoresis, vol. 25, 2004, pp. 3492–3497. 

[41]  C. Nilsson, S.  Nilsson, Electrophoresis, vol. 27, 2006, pp. 76–83. 

[42]  Z. X. Zhang, Z. Y. Wang, Y. P.  Liao, H. W. Liu, Journal of Separation 

 Science, vol. 29, 2006, pp. 1872–1878. 

[43]  C. Nilsson, S. Birnbaum, S. Nilsson, Journal of chromatography A, vol. 1168, 

 2007, pp. 212–224. 



References 
 

57 

 

[44]  V. Sharma, K. Park, M. Srinivasarao, Materials Science and Engineering: 

 R: Reports, vol. 65, 2009, pp. 1–38. 

[45]  A. H. Duan, S. M. Xie, L. M. Yuan, Analytical and Bioanalytical Chemistry, 

 vol. 399, 2011, pp. 143–147. 

[46]  L. A. Kartsova, A. A. Makarov, Journal of Analytical Chemistry, vol. 59,  2004, 

 pp. 724–729. 

[47]  Q. S. Qu, F. Shen, M. Shen, X. Y. Hu, G.J. Yang, C. Y. Wang, C. Yan, Y. K. 

 Zhang, Analytica Chimica Acta, vol. 609, 2008, pp. 76–81. 

[48] G. Tolnai, G. Alexander, Z. Hórvölgyi, Chromatographia, vol. 53, 2001, pp. 

 69–75. 

[49]  Y. X. Chang, C. X. Ren, Q. Ruan, L. Yuan, Chemical Research in Chinese 

 Universities, vol. 23, 2007, pp. 646–649. 

[50]  C. S. Chiou, J. S. Shih, Analytica Chimica Acta, vol. 416, 2000, pp. 169. 

[51]  Y. Xu, Q. Cao, F. Svec, J.M.J. Fréchet, Analytical Chemistry, vol. 82, 2010, 

 pp. 3352–3358. 

[52]  L. X. Chen, Y. F. Guan, J. P. Ma, G. Luo, K. Liu, Journal of Chromatography 

 A, vol. 1064, 2005, pp. 19–24. 

[53]  J. M. J. Soto, Y. M. Martinez, S. Cardenas, M. Valcárcel, 

 Electrophoresis, vol. 31, 2010, pp. 1681–1688. 

[54]  Y. Moliner-Martinez, S. Cárdenas, M. Valcárcel, Electrophoresis, vol. 28, 

 2007, pp. 2573–2579. 

[55]  C. J. Yu, C. L. Su, W. L. Tseng, Analytical Chemistry, vol. 78, 2006, pp. 

 8004–8010. 

[56]  W. D. Qin, Electrophoresis, vol. 28, 2007, pp. 3017–3023. 

[57]  J. L. Chen, Journal of Chromatography A, vol. 1217, 2010, pp. 715–721. 

[58] H. F. Li, H. L. Zeng, Z. F. Chen, J. M. Lin, Electrophoresis, vol. 30, 2009, pp. 

 1022–1029. 



References 

 

58 

 

[59]  X. L. Dong, R. A. Wu, J. Dong, M. Wu, Y. Zhu, H. Zou,  Electrophoresis, vol. 

 29, 2008, pp. 3933–3940. 

[60]  M. Trojanowicz, Trends in Analytical Chemistry, vol. 25, 2006, pp. 480–489. 

[61]  J. Wang, Analyst, vol. 130, 2005, pp. 421–426. 

[62]  D. Du, X. Huang, J. Cai, A. Zhang, Sensors and Actuators B: Chemical, vol. 

 127, 2007, pp. 531–535. 

[63]  S. Su, Y. He, M. Zhang, K. Yang, S. Song, X. Zhang, C. Fan, S. T. Lee, 

 Applied Physics Letters, vol. 93, 2008, Article ID.  023113. 

[64]  M. Wang, Z. Li, Sensors and Actuators B: Chemical, vol. 133, 2008, pp. 607–

 612. 

[65]  C. Li, C. Wang, Y. Ma, S. Hu, Microchimica Acta, vol. 148, 2004, pp. 27. 

[66] M. M. Hossain, M. M. Islam, S. Ferdousi, T. Okajima, T. Ohsaka, 

 Electroanalysis, vol. 20, 2008, pp. 2435–2441. 

[67]  Z. M. Xie, J. J. Fei, M. H. Huang, Australian Journal of Chemistry, vol. 61, 

 2008, pp. 1000–1005.   

[68] J. Manso, M.L. Mena, P. Y. Sedeño, J. Pingarrón, Journal of Electroanalytical 

 Chemistry, vol. 603, 2007, pp. 1–7. 

[69]  J. S. Lee, M. S. Han, C. A. Mirkin, Angewandte Chemie International Edition, 

 vol. 46, 2007, pp. 4093–4096. 

[70]  B. Rezaei, A. Mokhtari, Spectrochimica Acta Part A: Molecular and 

 Biomolecular Spectroscopy, vol. 66, 2007, pp. 359–363. 

[71]  X. Weia, L. Qia, J. Tanb, R. Liuc, F. Wanga, Analytica Chimica Acta, vol. 671, 

 2010, pp. 80–84. 

[72]  X. Chen, Y. Dong, L. Fan, D. Yang, Analitica Chimica Acta, vol. 582, 2007, 

 pp. 281–287. 

[73]  H. Wang, D.W. Brandl, P. Nordlander, N.J. Halas, Accounts of Chemical 

 Research, vol. 40, 2007, pp. 53–62. 



References 
 

59 

 

[74]  G.A. Baker, D.S. Moore, Analytical and Bioanalytical Chemistry, vol. 382, 

 2005, pp. 1751–1770. 

[75]  A.R. Clapp, I.L. Medintz, H. Tetsuo Uyeda, B.R. Fisher, E.R. Goldman, M.G. 

 Bawendi, H. Mattoussi, Journal of the American Chemical Society, vol. 127, 

 2005, pp. 18212–18221. 

[76]  C.L. Jones, K.C. Bantz, C.L. Haynes, Analytical and Bioanalytical Chemistry, 

 vol. 394, 2009, pp. 303–311. 

[77]  K.C. Bantz, C.L. Haynes, Vibrational Spectroscopy, vol. 50, 2009, pp. 29-35. 

[78]  I. I. S. Lim, P. N. Njoki, H. Y. Park, X. Wang, L. Wang, D. Mott, C. J. 

 Zhong, Nanotechnology, vol. 19, 2008, Article ID.  305102. 

[79]  G. F. S. Andrade, A. G. Brolo and M. L. A. Temperini, Journal of Physical 

 Chemistry C, vol. 112, 2008, pp. 15348–15355. 

[80]  F. Bao, J. F. Li, B. Ren, J. L. Yao, R. A. Gu and Z. Q. Tian, Journal of Physical 

 Chemistry C, vol. 112, 2008, pp. 345–350. 

[81] P. P. Hankare, K. R. Sanadi, K. M. Garadkar, D. R. Patil, I. S. Mulla, Journal 

 of Alloys and Compounds, vol. 553, 2013, pp. 383–388. 

[82] G. Absalan, M. Asadi, S. Kamran, L. Sheikhian, D.M. Goltz, Journal of 

 Hazardous Materials, vol. 192, 2011, pp. 476–484.  

[83] J. Zhang, M. Li, M. Yang, B. Peng, Y. Li, W. Zhou, H. Gao, R. Lu, Journal of 

 Chromatography A, vol. 1054, 2012, pp. 23–29.  

[84] A. H. Lu, E. L. Salabas, F. Schuth, Angewandte Chemie International Edition 

 in English, vol. 46, 2007, pp. 1222–1244.  

[85] P. J. Robinson, P. Dunnill, M. D. Lilly, Biotechnology and Bioengineering, 

 vol. 15, 1973, pp. 603–606. 

[86] H. Y. Lee, D. R. Bae, J. C. Park, H. Song, W. S. Han, J. H. Jung,  Angewandte 

 Chemie International Edition, vol. 48, 2009, pp.1239–1243. 

[87] P. Yuan, M. Fan, D. Yang, H. He, D. Liu, A. Yuan, J. Zhu, T. Chen, Journal of 

 Hazardous Materials, vol. 166, 2009, pp 821–829. 



References 

 

60 

 

[88] B. R. White, B. T. Stackhouse, J. A. Holcombe, Journal of Hazardous 

 Materials, vol. 161, 2009, pp. 848–853. 

[89] W. Yantasee, C. L. Warner, T. Sangvanich, R. S. Addleman, T. G. 

 Carter, R. J. Wiacek, G. E. Fryxell, C. Timchalk, M. G. Warner, 

 Environmental Science & Technology, vol, 41, 2007, pp. 5114–5119. 

[90] C. J. Tan, H. G. Chua, K.H. Ker, Y.W. Tong, Analytical Chemistry, vol. 80, 

 2008, pp. 683–692. 

[91] X. L. Zhao, Y. L. Shi, Y. Q. Cai, S. F. Mou, Environmental Science & 

 Technololgy, vol. 42, 2008, pp. 1201–1206. 

[92] X. Zhao, Y. Shi, T. Wang, Y. Cai, G. Jiang, Journal of Chromatography A. vol. 

 1188, 2008, pp. 140–147. 

[93] F. L. Fan, Z. Qin, J. Bai, W. D. Rong, F. Y. Fan, W. Tian, X. L. Wu, Y. 

 Wang, L. Zhao, Journal of Environmental Radioactivity, vol. 106, 2012, pp. 

 40–46. 

[94] Q. Zhang, F. Yang, F. Tang, K. Zeng, K. Wu, Q. Cai, S. Yao, Analyst, vol. 

 135, 2010, pp. 2426–2433. 

[95] L. Sun, C. Zhang, L. Chen, J. Liu, H. Jin, H. Xu and L. Ding, Analytica 

 Chimica Acta, vol. 638, 2009, pp. 162–168. 

[96] P. Yu, Q. Wang, X. Zhang, X. Zhang, S. Shen and Y. Wang, Analytica 

 Chimica Acta, vol. 678, 2010, pp. 50–55. 

[97] Q. Liu, J. Shi, T. Wang, F. Guo, L. Liu and G. Jiang, Journal of 

 Chromatography A, vol.  1257, 2012, pp. 1–8.  

[98] H. Heidari, H. Razmi, A. Jouyban, Journal of Chromatography A, vol. 1245, 

 2012, pp. 1–7. 

[99] X. Zhang, S. Xie, M. C. Paau, B. Zheng, H. Yuan, D. Xiao, M. M. F. Choi, 

 Journal of Chromatography A, vol. 1247, 2012, pp. 1–9. 

[100] Q. H. Wu, G. Y. Zhao, C. Feng, C. Wang, Z. Wang, Journal of 

 Chromatography A, vol.  1218, 2011, pp. 7936–7942. 



References 
 

61 

 

[101] S. Sadeghi, H. Azhdari, H. Arabi, A.Z. Moghaddam, Journal of Hazardous 

 Materials, vol. 215–216, 2012, pp. 208–216. 

[102] H. He, D. Yuan, Z. Gao, D. Xiao, H. He, H. Dai, J. Peng, N. Li, Journal of 

 Chromatography A, vol. 1324, 2014, pp. 78– 85. 

[103] F. G. Cano, M. C. A. León, R. Lucena, S. Cárdenas, M. Valcárcel, Journal of 

 Chromatography A, vol. 1300, 2013, pp. 134–140. 

[104] M. D. Farahani, F. Shemirani, Microchimica Acta, vol. 179, 2012, pp. 219–

 226. 

[105]  M. V. Polyakov, Russian Journal of Physical Chemistry A, vol. 2, 1931, pp. 

 799–805. 

[106]  G. Wulff, A. Sarhan, Angewandte Chemie International Edition, vol. 11, 1972, 

 pp. 341–344. 

[107]  G. Vlatakis, L. I. Andersson, R. Müller, K. Mosbach, Nature, vol. 361, 1993, 

 pp. 645–647. 

[108]  B. Sellergren, Analytical Chemistry, vol. 66, 1994, pp. 1578–1582. 

[109]  B. Sellergren, Journal of Chromatography A, vol. 673, 1994, pp. 133–141. 

[110]  C. J. Tan, H. G. Chua, K. H. Ker, Y. W. Tong, Analytical Chemistry, vol. 80, 

 2008, pp. 683–692 

[111]  V. Pichon, C. C. D. Coumes, L. Chen, S. Guenu, M. C. Hennion, Journal of 

 Chromatography A, vol. 737, 1996, pp. 25–33. 

[112]  R. V. Law, D. C. Sherrington, C. E. Snape, I. Ando, H. Kurosu, 

 Macromolecules, vol. 29, 1996, pp. 6284–6293. 

[113]  J. X. He, S. Wang , G. Z. Fang, H. P. Zhu, Y. Zhang, Journal of Agriculture 

 and Food Chemistry, vol. 56, 2008, pp. 2919–2925. 

[114]  J. J. Ou, L. H. Hu, L. G. Hu, X. Li, H. F. Zou, Talanta, vol. 69, 2006, pp. 

 1001–1006. 

[115]  Y. Zhang, R. J. Liu, Y. L. Hu and G. K. Li, Analytical Chemistry, vol. 81, 

 2009, pp. 967–976. 



References 

 

62 

 

[116] L. G. Chen, J. Liu, Q. L. Zeng, H. Wang, A. M. Yu, H. Q. Zhang and L. Ding, 

 Journal of Chromatography A, vol. 1216, 2009, pp. 3710–3719. 

[117] T. Yang, Y-H. Li, S. Wei, Y. Li, A. Deng, Analytical and Bioanalytical 

 Chemistry, vol. 391, 2008, pp. 2905–2914. 

[118] F. G. Tamayo, J. L. Casillas, A. M. Esteban, Journal of Chromatograpy A, vol. 

 1069, 2005, pp. 173-181. 

[119] A. Ríos, M. Zougagh, M. Bouri, Analytical Methods, vol. 5, 2013, pp. 4558–

 4573.  

[120] W. Li, L. Yang, F. Wang, H. Zhou, X. Yang,Y. Huang, H. Liu, Biochemical 

 Engineering Journal, vol. 79, 2013, pp. 206–213. 

[121] J. Pan, L. Li, H. Hang, H. Ou, L. Zhang, Y. Yan, W. Shi, Biochemical 

 Engineering Journal, vol. 223, 2013, pp. 824–832. 

[122] D. Niu, Z. Zhou, W. Yang, Y. Li,  L. Xia, B. Jiang, W. Xu, W. Huang, T.  Zhu, 

 Journal of Applied Polymer Science, Vol. 130, 2013, pp. 2859–2866. 

[123] J. Liu, W. Wang, Y. Xie, Y. Huang, Y. Liu, X. Liu, R. Zhao, G. Liu, Y. 

 Chen, Journal of Materials Chemistry, vol. 21, 2011, pp. 9232–9238. 

[124] A. V. Navarro, A. L. M. Castillo, J. F. F. Sanchez, A. F. Gutierrez, 

 Biosensors and Bioelectronics, vol. 26, 2011, pp. 4520–4525. 

[125] X. Zhang, L. Chen, Y. Xu, H. Wang, Q. Zeng, Q. Zhao, N. Ren, L. Ding, 

 Journal of Chromatography B: Analytical Technologies in the Biomedical and 

 Life Sciences, vol. 878, 2010, pp. 3421–3426. 

[126] Z. Zhang, W. Tan, Y. Hu, G. Li, Journal of Chromatography A, 1218, 2011, 

 pp. 4275–4283. 

[127] T. Jing, H. Xia, Q. Guan, W. Lu, Q. Dai, J. Niu, J. Lim, Q. Hao, Y. Lee,  Y. 

 Zhou, S. Mei, Analytica Chimica Acta, vol. 692, 2011, pp. 73–79. 

[128] H. Chena, Z. Zhang, L. Luo, S. Yao, Sensors and Actuators, B, vol. 163, 2012, 

 pp. 76–83. 



References 
 

63 

 

[129] Z. Zhang, W. Tan, Y. Hu, G. Li, S. Zan, Analyst, vol. 137, 2012, pp. 968–

 977. 

[130] H. Zeng, Y. Wang, C. Nie, J. Kong, X. Liu, Analyst, vol. 137, 2012, pp. 

 2503–2512. 

[131] Y. K. Lv, C. X Zhao, P. Li, Y. D. He, Z. R. Yang, H. W. Sun, Journal of 

 Separation Science, vol. 36, 2013, pp. 2656–2663. 

[132] T. Madrakian, M. Ahmadi, A. Afkhami, M, Soleimani, Analyst, 138, 2013, 

 pp. 4542–4549. 

[133] S. Iijima, Nature, vol. 354, 1991, pp. 56–58. 

[134] M. R. Reilly, Journal of   Nuclear Medecine, vol. 48, 2007, pp. 1039–1042. 

[135] P. M. Ajayan, O. Z. Zhou, Springer Berlin Heidelberg: Carbon Nanotubes, 

 Topics in Applied Physics, vol. 80, 2001, pp. 391-425. 

[136] Y. Kobayashi, H. Nakashima, D. Takagi, Y. Homma, Thin Solid Films, vol. 

 464, 2004, pp. 286–289. 

[137] M. Keidar, J. Phys. D: Appl. Phys. vol.40, 2007, pp. 2388–2393. 

[138] M. Kusaba, Y. Tsunawaki, Thin Solid Films, vol. 506, 2006, pp. 255–258. 

[139] B. Constantin, in: Marulanda, J. M. (Eds.), carbon nanotubes as a new solid 

 phase extraction sorbent for analysis of environmental pollutants, carbon 

 nanotubes, 2010, pp. 521–543. 

[140] M. Bouri, R. Salghi, M. Zougagh, A. Ríos, Electrophoresis, vol. 34, 2013, pp. 

 2623–2631. 

[141] K. Pyrzynska, Separation and Purification Review, vol. 37, 2008, pp 372–

 389 

[142] L. Meng, C. Fu, Q. Lu, Prog. Nat. Sci. vol. 19, 2009, pp. 801–810. 

[143] C.Y. Hu, Y.J. Xu, S.W. Duo, R.F. Zhang, M.S. Li, Journal of the Chinese 

 Chemical Society, 56, 2009, pp. 234–239. 

[144] K. A. Wepasnick, B. A. Smith, J. L. Bitter, D. H. Fairbrother, Analytical and  

 Bioanalytical Chemistry, vol. 396, 2010, pp. 1003–1014. 



References 

 

64 

 

[145] F. Hennrich, R. Wellmann, S. Malik, S. Lebedkin, M. M. Kappes, Physical 

 Chemistry Chemical Physics, vol. 5, 2003, pp. 178–183. 

[146] A. H. El-Sheikh, A. A. Insisi, J. A. Sweileh, Journal of Chromatography A, vol. 

 1164, 2007, pp. 25–32. 

[147] A. Schierz, H. Zanker, Environmental Pollution, vol. 157, 2009, pp. 1088–

 1094. 

[148] B. Suarez, B. M. Simonet, S. Cardenas, M. Valcarcel, Journal of 

 Chromatography A, vol. 1159, 2007,  pp. 203–207. 

[149] S. López-Feria, S. Cárdenas, M. Valcárcel, Journal of Chromatography A, 

 vol.1216, 2009,  pp. 7346–7350. 

[150] M. S. Dresselhaus, A. Jorio, M. Hofmann, G. Dresselhaus, R. Sait, Nano 

 Letters, vol. 10, 2010, pp 751–758. 

[151] News briefing, Nature, vol. 461, 2009, pp. 702–703. 

[152] C. Gautier, T.  Burgi, A European journal of Chemical Physics and Physical 

 Chemistry, vol. 10, 2009, pp. 483-492. 

[153] S. Panigrahi, S. Basu, S. Praharaj, S. Pande, S. Jana, A. Pal, S. K. 

 Ghosh, T. Pal, The Journal of Physical Chemistry C, vol. 111, 2007, pp. 4596–

 4605. 

[154] W. Y. Xie, W. T. Huang, N. B. Li, H. Q. Luo, Chemical Communications, vol. 

 48, 2012, pp. 82–84. 

[155] S. J. Hurst, A. K. R. Lytton-Jean, C.A. Mirkin, Analytical Chemistry, vol. 78, 

 2006, pp. 8313–8318. 

[156] S. Y. Chen, J. J. Mock, R. T. Hill, A. Chilkoti, D. R. Smith , A. A. 

 Lazarides, ACS Nano, vol. 4, 2010, pp. 6535–6546. 

[157] C. J. Murphy , T. K. San , A. M. Gole , C. J. Orendorff , J. X. Gao , L. Gou, 

 S. E. Hunyadi, T. Li, The Journal of Physical Chemistry B, vol. 109, 2005, pp. 

 13857–13870. 



References 
 

65 

 

[158] P. Anger, P. Bharadwaj , L. Novotny , Physical Review Letters, vol. 96, 2006, 

 pp. 113002–113006. 

[159] C. M. Xue , O. Birel , M. Gao , S. Zhang , L. M. Dai , A. Urbas , Q. Li, The 

 Journal of Physical Chemistry C, vol. 116, 2012, pp. 10396–10404. 

[160] D. T. Nguyen, D.J. Kim, K. S. Kim, Micron, vol. 42, 2011, pp. 207–227. 

[161] A. S. Thakor, J. Jokerst, Zavaleta, T. F. Massoud, S. S. Gambhir, Nano 

 Letters, vol. 11, 2011, pp. 4029–4036. 

[162] P. Kalimuthu, S.A. John, Journal of Electroanalytical Chemistry, vol. 617, 

 2008, pp. 164–170.  

[163] W. W. Zhong, Analytical and Bioanalytical Chemistry, vol. 394, 2009, pp. 47–

 59. 

[164] Fu-Ken Liu, Journal of Chromatography A, vol. 1167, 2007, pp. 231–235. 

[165] L. Calzolai, D. Gilliland, C. P. Garcìa, F. Rossi, Journal of Chromatography A, 

 vol. 1218, 2011, pp. 4234–4239. 

[166] F.K. Liu, Y. C. Chang, Chromatographia, vol. 74, 2011, pp. 767–775. 

[167] E. Longo, A. Orlandin, F. Mancin, P. Scrimin, A. Moretto, ACS  Nano, vol. 7, 

 2013, pp. 9933–9939. 

[168] Joseph M. Slocik, Alexander O. Govorov, Rajesh R. Naik, Nano Letters. 11, 

 2011, pp. 701–705. 

[169] Y. Li, D. Yu, L. Dai, A. Urbas, Q. Li, Langmuir, 2011, vol. 27, 2011, pp.  98–

 103. 

[170] C. Gautier, T. Bürgi. Journal of The Americain Chemical Society, vol. 130, 

 2008, pp. 7077–7084. 

[171] W. Liu, Z. Zhu, K. Deng, Z. Li, Y. Zhou, H. Qiu, Y. Gao, S. Che, Z. 

 Tang, Journal of The Americain Chemical Society, vol. 135, 2013, pp. 

 9659−9664. 

[172] C. Gautier, T. Bürgi, Journal of The Americain Chemical Society, vol. 128, 

 2006, pp. 11079-11087. 



References 

 

66 

 

[173] H. Qi, T. Hegmann, Journal of The Americain Chemical Society, vol. 130, 

 2008, pp. 14201–14206. 

[174] K. Aslan, J. R. Lakowicz, E. Mateeva. J. Zhang, R. Badugu, J. Huang, Journal 

 of Fluorescence, vol. 14, 2004, pp. 425–441. 

[175] R. L. Stoermer, C. D. Keating, Journal of The Americain Chemical Society,  

 vol. 128, 2006, pp. 13243–13254. 

[176] P. C. Ray, G. K. Darbha, A. Ray, J. Walker, W. Hardy, Plasmonic, vol. 2, 

 2007, pp. 173–183. 

[177] W. Wang, C. Chen, M. Qian, X. S. Zhao, Analytical Biochemistry, vol. 373, 

 2008, pp. 213–219. 

[178] M. Reza Hormozi-Nezhad, H. Bagheri, A. Bohloul, N. Taheri, H. 

 Robatjazi , Journal of Luminescence, vol. 134, 2013, pp. 874–879. 

[179] L. Guo, J. Zhong, J. Wu, F. Fu, GG. Chen, Y. Chen, X. Zheng, S. Lin, 

 Analyst, vol. 136, 2011, pp. 1659–1663. 

[180] Baoxia Liu, Hongliang Tan, Yang Chen, Analytica Chimica Acta, vol. 761, 

 2013, pp. 178–185. 

[181] G. K. Darbha, A. Ray, P. C. Ray, ACS Nano, vol. 1, 2007, pp. 208–214. 

[182] D. Bu, H. Zhuang, G. Yang, X. Ping, Sensors and Actuators B: Chemical, 

 vol. 195, 2014, pp. 540–548 

 

 

 

 

 



 

 
 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

Chapter I 
 

 

Materials and methods 

 



 

 

 

 

 

 

 

 



MATERIALS AND METHODS 

 

69 
 

I.1. Chemical and samples 

 

 The reagents used to prepare the solutions involved in the experimental 

work are listed in Table I.1. For the preparation of different standard solutions 

the following solvents were used: 

 

Ultrapure water (purification system Milli-Q). 

Methanol, HPLC purity. 

Ethanol, HPLC purity grade. 

Acetonitrile, HPLC purity grade. 

 

 The working solutions were prepared daily into the corresponding 

solvent from the standard solutions. These standard solutions were always kept 

preserved from light at a temperature of 4 °C for those prepared in water and 

ethanol, and –18 ºC for those prepared in acetonitrile. 
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Table I.1. Reagents used in the experimental work. 
 

Reagents Purity 

% 

State Supplier 

α,α’-azobisisbutyronitrile (AIBN)  ≥98 Solid Sigma-Aldrich 

γ-methacryloxypropyltrimethoxysilane (γ-

MPS) 

≥98 Liquid Sigma-Aldrich 

3-chloropropyltrimethoxysilane ≥95 Liquid Sigma-Aldrich 

3-(cyclohexylamino)-1-propanesulfonic 

(+)-Menthone 

≥98 

98.5 

Solid 

Liquid 

Sigma-Aldrich 

Fluka 

(−)-Menthone  99  Liquid Fluka 

Ammonia 30 Liquid Panreac 

Ammonium acetate ≥98 Solid Sigma Aldrich 

Ammonium bicarbonate ≥99 Solid Sigma Aldrich 

Caffeine  ≥98 Solid Sigma-Aldrich 

DL-Cysteine ≥95 Solid Sigma-Aldrich 

D-(+)-glucose anhydrous ≥99.5 Solid Panreac 

D-(+)-maltose monohydrate ≥98 Solid Sigma-Aldrich 

D-(−)-fructose ≥99 Solid Panreac 

D-penicillamine 99 Solid Sigma Aldrich 

Di-sodium hydrogen phosphate 98-100 Solid Panreac 

DL-tryptophane ≥99 Solid Sigma-Aldrich 

Diethylamine ≥99.5  Sigma Aldrich 

Dopamine 98 Solid Sigma-Aldrich 

Epiniphrine ≥95 Solid Sigma-Aldrich 

Ethylene glycol dimethacrylate (EGDMA)  98 Liquid Sigma-Aldrich 

Fluorescein sodium salt - Solid Sigma-Aldrich 

Formic acid 88 Solid Sigma-Aldrich 

Gold (III) chloride hydrate 99.999 Solid Sigma-Aldrich 

Gold nanoparticles (5 nm) - Liquid Sigma-Aldrich 

Gold nanoparticles (20 nm) - Liquid Sigma-Aldrich 

Hydrochloric acid  37 Liquid Panreac 

Hydrogen tetrachloroaurate tetrahydrate 99  Panreac 

Iron (II) chloride tetrahydrate  ≥99 Solid Sigma-Aldrich 

Iron (III) chloride hexahydrate ≥99 Solid Sigma-Aldrich 

L-alanine ≥98 Solid Sigma-Aldrich 
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Table I.1. (continuation). 

Reagents Purity 

% 

State Supplier 

L-arginine ≥98 Solid Sigma-Aldrich 

L-glycine monohydrochloride ≥99 Solid Sigma-Aldrich 

L-valine ≥98 Solid Sigma-Aldrich 

Methacrylic acid (MAA) ≥98 Solid Sigma-Aldrich 

Methoxytyramine ≥95.5 Solid Sigma-Aldrich 

Metsulfuron methyl - Solid Sigma-Aldrich 

N-Methylimidazole ≥99 Solid Sigma-Aldrich 

Norepiniphrine ≥97 Solid Sigma-Aldrich 

Noremethoxytyramine ≥95.5 Solid Sigma-Aldrich 

Nitric acid  65 Liquid Panreac 

Potassium hexafluorophosphate (KPF6) ≥99.5  Sigma-Aldrich 

Potassium dihydrogen phosphate 99 Solid Panreac 

Potassium chloride 99 Solid Sigma-Aldrich 

Primisulfuron methyl - Solid Sigma-Aldrich 

Single walled carbon nanotubes >90 Solid Sigma Aldrich 

Sodium bisulphate  - Solid Panreac 

Sodium borohydride >90 Solid Panreac 

Sodium chloride 99.5 Solid Sigma-Aldrich 

Sodium citrate dihydrate 99 Solid Sigma-Aldrich 

Sodium hydroxide - Solid Panreac 

Sodium tetraborate anhydrous (borate)   ≥98 Solid Fluka 

Sucrose 99.5 Solid Panreac 

Sulphuric acid  96 Liquid Panreac 

Theophylline 99 Solid Sigma-Aldrich 

Thifensulfuron methyl  - Solid Sigma-Aldrich 

Trans-4-hydroxyL-proline  98 Solid Sigma-Aldrich 

Triasulfuron - Solid Sigma-Aldrich 

Tribenuron methyl 

Tris-(hydroxymethyl) aminomethane 

- 

≥99.9 

Solid 

Solid 

Sigma-Aldrich 

Sigma-Aldrich 
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I.2. Instruments and apparatus 

 

 To achieve the works reported in this Thesis the following equipments 

were used: 

 

 High speed Ultracentrifuge controlled by microprocessor, and 

temperature regulation (CENTROFRIGER-BL-II model 7001669, JP 

Selecta, Barcelona, Spain). 

 Ultrasonic bath 50 W, 60 Hz (JP Selecta, Barcelona, Spain). 

 pH-meter Crison Basic 20 combined with a glass electrode (Allela, 

Barcelona, Spain). 

 Analytical Balance Gram Precision (Mettler, model AE240). 

 Hotplate Selecta (Barcelona, Spain). 

 Peristaltic pump Gilson Minipuls3 (Villiers Le Bel, France). 

 

I.2.1. Spectrophotometer UV-Vis 

 

 The spectrophotometer used for the determination of the maximum 

wavelength absorption of the studied analytes, and for the characterization of 

the formation of AuNPs is shown in Figure I.1, and it was the model Uvi Light 

& UVIKON XS reference 0M8307, SECOMAM. Regarding the obtaining of 

results and data processing were performed using Power Lab software. The 

spectrophotometer has an interval of spectrum ranged between 190 and 900 

nm. 
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Figure I.1. Spectrophotometer UVI-Vis “Uvi Light & UVIKON XS”. 

 

I.2.2. Spectrofluorimeter 

 

 A spectrofluorimeter PTI QuantaMaster
TM

 40 (Photon Technology 

International) equipped with a xenon lamp 75 W and multiplier phototube 

(PTM model 814) as the detection system (Figure I.2) was used. It is fitted 

with an ASOC-10 USB interface FeliXGX software for data acquisition and 

analysis, as well as hardware control for the entire system configuration. The 

specified equipment has been used for the determination of cysteine by using 

AuNPs capped fluorescein. 

 

Figure I.2. Spectrofluorimeter "PTI QuantaMasterTM". 
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I.2.3. Capillary Liquid Chromatography 

 

 The equipment used in the chromatography section was a 

Chromatography System Agilent 1200 Capillary Modular. This system 

consists of a degasser, a capillary liquid chromatography pump, an 

autosampler with injection loop 8 µl, 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 I.3 shows the different modules of the system described. 

 

 

Figure I.3. System scheme of Agilent 1200 capillary HPLC used in this Thesis. 
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I.2.4. Capillary Electrophoresis 

 

 An Agilent Capillary Electrophoresis G1600AX (Palo Alto,CA,USA) 

equipped with a UV/Vis diode array detector was used. The equipment is 

connected to a computer for the control and data processing which were 

performed using the Agilent ChemStation software. 

 The described equipment was used for the separation of 

catecholamines after their extraction by the MIPs. It was also used to achieve 

the coupling with the Evaporative Light Scattering Detector (ELSD) and the 

applications with Mass spectrometry.  

 

 

Figure I.4. Capillary electrophoresis instrument used in various experiments developed in this 

Thesis. 
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I.2.5. Circular Dichroism 

 

 The determination of menthone enantiomers was achieved by the use 

of a circular dichroism detector Jasco CD-2095 Plus (Tokyo, Japan) 

characterized by selected wavelengths ranged between 220 and 420 nm and 

provided with an UV absorbance detector. The CD detector used an Hg-Xe 

lamp of 150 W and a 44 µL flow cell with a 25 mm path-length. Data were 

acquired and analysed using BORWIN software version 1.5 (JBMS 

Développements, Le Fontanil, France). 

 

 

Figure I.5. Circular dichroism instrument used during one of the experimental work in this Thesis 

 

I.2.6. Evaporative Light Scattering Detection 
 

 An Agilent 1200 Series evaporative light-scattering detector (Figure 

I.6A) equipped with a new interface (Figure I.6B) was used in this Thesis. An 

additional pressure regulator (3.45–68.95 KPa) (Ingenieria Analítica, Spain) 

for N2 supplement was used. CE-ELSD coupling was designed and controlled 

by using a Rev.B.04.01–481 of 3D–CE/MSD ChemStation software version 
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(Agilent Technologies). This detector was used for coupling with the CE 

equipment. 

 

 

Figure 2.6. Agilent 1200 Series model of ELSD (A) equipped with the developed interface (B), used 

in the experiments of this Thesis. 

 

I.2.7. Mass spectrometry 
 

 An Agilent 1100 Series LC/MSD system (equipped with a quadrupole 

analyzer) via an electrospray atmospheric pressure ionization interface (Figure 

I.7) was used. CE-MS Instruments were configured and controlled by using a 

Rev.B.04.01–481 of 3D-CE/MSD Chem-Station software version (Agilent 

Technologies). This equipment was used as a detector for CE equipment to 

confirm the obtained results by CE-ELSD coupling in the determination of 

amino acids. 
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Figure I.7. Agilent 1100 Series LC/MSD instrument. 

 

I.3. Methods and procedures 

I.3.1. Synthesis of MNPs 

 

 Using the scheme shown in Figure I.8 the synthesis of MNPs was 

carried out. Firstly, preparing the Fe3O4 NPs were prepared according to the 

coprecipitation method, involving an aqueous solution containing a mixture of  

11.2 mmol Fe
3+

 and 5.6 mmol Fe
2+ 

at 50ºC using N2 as the protective gas 

throughout the reaction. Then, the mixture was kept under vigorous stirring 

about 30 min after the addition 12.5 mL of ammonia (15.8 M). Afterwards, the 

reaction was heated and kept at 90 ºC for 30 min. Finally, the black precipitate 

was collected, washed with water and ethanol, and dried in vacuum using an 

external magnetic field. 
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Figure I.8. Mounting used in the synthesis of different NPs, adapted according to the specification 

of each work. 

 

I.3.2. Supported ionic liquids on MNPs 
 

 To prepare supported ionic liquids on MNPs, it is essential to follow 

four steps presented in the Figure I.9. The first one has been done, for the 

purpose to grow silica shell on the surface of the prepared NPs. 50 mg Fe3O4 

MNPs have been diluted with 50 mL water and 150 ml of 2-propanol, then, 

ultrasonicated for quarter of an hour and adding 3 mL of ammonium 

hydroxide solution at room temperature in the presence of a constant nitrogen 

flux, followed by the addition of 0.2 mL tetraethyl orthosilicate (TEOS) with 

stirring (Figure I.9). The reaction takes place after one day of stirring. In the 

second step of the synthesis a mixture of 4 mL 1-methyl-imidazole with 12 

mL 3-chloropropyl-triethoxy-silane at a concentration of 50 mmol was 
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prepared in a round bottomed flask, and refluxed with stirring for five days. 

An anion-exchange reaction was allowed to take place in the third step, over 

the next 3 days, after the addition of 50 mmol potassium hexafluorophosphate 

(KPF6) dissolved in acetonitrile.  

 

 

Figure I.9. Schematic synthesis of ionic liquid-functionalised magnetic silica NPs 
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 The last step consists in a reaction between the mixture of 250 mg 

magnetic silica and silane-coupling agent attached with N-methylimidazolium 

ionic liquid by taking the mixture to reflux under stirring for 3 days. And the 

solid product was recollected by a magnet, washed twice with acetonitrile (100 

mL) and methanol (100 mL) and dried under vacuum at 80 °C for 8 h. 

 

I.3.3. Preparation of double-bond-functionalized Fe3O4 magnetite 

 

 The prepared Fe3O4 magnetic nanoparticles in section I.3.1 were used 

to prepare double-bond-functionalized Fe3O4 magnetite. For this end in a 

mixture of ethanol and water (1:1, v/v) was added to 50 mg of dispersed Fe3O4 

NPs, followed by the addition of 4 mL γ-MPS. The reaction was kept at 40 
o
C 

under N2 gas for half a day. Then, the product was separated and washed with 

ethanol for several times, and dried in vacuum. 

 

I.3.4. Preparation of MMIPs and MNIPs 

 

 The method of synthesis of MMIP comprises four steps: i) choice of 

the template molecule ( in this case dopamine); ii) mixing 0.026 mmol of the 

template molecule, functional monomers (1 mmol of methacrylic acid), 0.05 g 

of the prepared MNPs, crosslinking agent (0.5 mmol of ethylene glycol 

dimethacrylate) and 0.013 g of AIBN as thermal initiator. Then, the interaction 

starts; iii) polymerization of these functional groups and MNPs with the 

template molecule; iv) removal of the template molecule by washing, leaving 

free positions or recognition sites specific for the analyte (Figure I.10) . 
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 The control MNIPs were prepared in the absence of the template 

molecule, during the polymerization process and treated following an identical 

procedure. 

 

 

Figure I.10. Scheme of synthesis of MMIPs. 

 

I.3.4.1. M-MIPs for solid-phase extraction  

 

 M-MISPE is a particular case of SPE materials. Hence, essentially, in 

both cases, the same basic steps are performed. However, in order to achieve 

the advantages that MMIPs offer over other kinds of SPE sorbents, a careful 

selection of the conditions of each step involved in the extraction protocol is 

required. The process of the MMISPE is illustrated in Figure I.11. 

 The first step consists in conditioning 50 mg of MMIPs with 3.0 mL 

acetic acid (1%) and 3.0 mL of PBS (pH 8), under stirring for 15 minutes. This 

step was followed in order to eliminate the unreacted template and monomers, 

and to activate the MMIP for the further rebinding of the target analyte in it. 
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 The second step is the dispersion of the sample. In this case, standard 

samples or urine samples are mixed with the activated MMIPs, for further 

interaction between the analyte and the polymer. 

 

 

Figure I.11. Extraction protocol of the process of the MMISPE.  

 

 The third step is the clean-up step. The goal in this step is to remove all 

of the compounds retained by non-selective interactions on the MMIP while 

leaving the target analyte in place. This step is accomplished by adding water 

to MMIP and the only retained compound on the MMIP is the target analyte. 

 The last step in MMISPE protocol is the elution step. The aim of this 

step is to use the minimal volume of a suitable solvent to disrupt specific 

interactions established between the sorbent and the target analyte. The 

analytes were eluted from the M-MIP with 2 mL acetic acid (1%). The elution 



Methods and procedures 

 

84 
 

fraction was evaporated to dryness under a nitrogen stream at 40 ºC, dissolved 

in 0.2 mL of phosphate–borate buffer (pH5.5, 20 mM ionic strength) and 

analyzed by CE. 

 

I.3.5. Preparation of carboxyled SWNT 

 

 To produce carboxyled SWNT (cSWNT), CNT was submitted to 

simple oxidation under acidic conditions, resulting in the generation of 

carboxyl groups along their length. An amount of 50 mg of SWNT was 

dispersed in a mixture (3:1) of concentrated nitric acid and sulfuric acid, with 

a concentration of 3.5 M and 13.7 M respectively. The mixture was sonicated 

for 90 min and diluted with 1L of water. Afterwards, the obtained solution was 

filtered through cellulose acetate. The residue was then washed with water and 

treated with 12.5 mL of 1 M of HCl. Finally, the mixture was sonicated for 45 

min, washed and dried for use. 

 

I.3.6. AuNPs synthesis 

 

 In this Thesis it has been used two different ways of synthesis of 

AuNPs. 

 

i. Cold synthesis 

 

 As mentioned in the title, this synthesis has been carried out at room 

temperature. A mixture of 0.33 mM gold (III) chloride and 0.33 mM sodium 

citrate (as a reducer agent) in a total volume of 15 mL, was mixed with 0.6 mL 

of ice-cold sodium borohydride solution (0.1 M). Afterwards, 5 mL of 0.6 M 
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penicillamine was injected to the solution and stirred for 2 h at room 

temperature, until the solution changed from red to deep purple in color 

(Figure I.12). The solution was stored overnight in a glass vial wrapped in 

aluminum foil to prevent light degradation. The obtaining NPs were confirmed 

with the presence of the characteristic band at 520 nm of AuNPs in their 

absorption spectrum (Figure I.12).  

 

 

Figure I.12. Characteristical absorption spectrum of the synthesized AuNPs. 

 

ii. Hot synthesis 

 

 The formation of AuNPs was carried out at boiled temperature.  50 mL 

solution of 1 mM HAuCl4 was mixed with 38.8 mM sodium citrate after 

reaching the boiling temperature, which was accompanied with a rapid change 

in color from light yellow to deep red. The mixture was boiled for 15 minutes 

and retired to cool at room temperature. The confirmation of the formed 
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AuNPs was demonstrated by the obtaining characteristic band of the NPs in 

absorption spectrum (Figure I.12). The synthesized NPs were modified by 

fluorescein sodium for further determination of cysteine. 
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 The poor knowledge available about actual size and composition of 

nanostructured materials, as well as their presence in biological, environmental 

or agrifood matrices has incited to the development of new analytical 

methodologies for extracting this type of information, which still under 

development.  

 To confirm the size of the synthesized nanoparticles and to better 

understand their reactivity (size-reactivity relationship), as well as well-assess 

the risks to which the environment is exposed by the excessive use of 

nanomaterials, the development of rapid, precise and effective methods for the 

separation and characterization of nanoparticles is with great importance. One 

of the roles of Analytical Chemistry in this context is the consideration and the 

use of nanoparticles as target analytes (objectives) and their analysis and 

characterization. 

 In this sense, in this chapter a suitable interface for coupling CE 

equipment to an ELSD was developed and successfully checked. This 

hyphenated instrumental system was developed and successfully used for the 

characterization of gold NPs (AuNPs), which can be considered as a 

competitive and/or a complementary technique for characterization of NMs.  
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A B S T R A C T 

 

In this technical note, an interface for coupling commercially available capillary 

electrophoresis (CE) equipment to an evaporative light scattering detector (ELSD) is 

described. The nebulization process was identified as the most critical parameter for 

performing the reliable coupling between both pieces of equipment. Therefore, 

appropriate modifications in the nebulization chamber and in the conventional 

nebulizer were brought to make ELSD fully compatible with CE. The impact of the 

customized interface on CE separation and detection was evaluated in terms of 

resolution and sensitivity. ELSD can be considered as an attractive alternative to other 

CE detection systems (e.g.,  V−vis, fluorescence, electrochemical detection, or even 

MS detection), particularly those in which derivatization is needed. This advantage is 

due to the versatility and the quasi-universality of ELSD. Thus, sensitive and fast 

separations of several compounds were performed using this CE−E SD customized 

arrangement, which opens up an interesting analytical potential for the determination 

of compounds not presenting sensitive  V−vis chormophore, fluorophore, or 

electroactive groups. Carbohydrates were selected in this work to demonstrate the 

applicability of CE−E SD coupling. 
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II.1.1. INTRODUCTION 

 

 Capillary electrophoresis (CE) has evolved into a large family of high 

resolution separation techniques over the past two decades. CE can surpass 

high performance liquid chromatography (HPLC) in terms of simplicity, 

resolution and economy. The extremely small inner diameter of the capillary 

used, results in typical advantages, such as the ability to use small volumes of 

sample and reagents, low mass detection limits and easy miniaturization [1]. 

For analytes with one or more UV–Vis-absorbing chromophore groups, UV–

Vis detection is commonly the most widely detection method used CE, due to 

its appropriate sensitivity for many compounds, broad linear range, relatively 

low cost, ease of use, and its compatibility with most buffers. As an alternative 

to UV–Vis detection in many applications, in particular for the analysis of 

compounds lacking strong UV chromophores, such as many amino acid 

derivates, carbohydrates, lipids, polymers and surfactants, which also include 

some drug substances and natural products, electrochemical detection (ED) 

[2–4], mass spectrometry (MS) [5–7] and evaporative light scattering (ELSD) 

[8–10] could be used. ED techniques are useful for detection in CE in general, 

and specifically for carbohydrates [2]. Particularly, by using pulsed 

amperometric detection (PAD), because the electrode surface was constantly 

maintained fresh by the repeated application of a series of pulses of potential. 

However, PAD used as CE detection mode for carbohydrates, can present the 

limitations imposed by the alkaline conditions needed for sensitive detection 

and differential electromigration, which restrict the useful pH to a very narrow 

range (i.e., pH >12); as well as the response produced by other organic 

compound, which may negatively affect to the accurate of the results [11]. 
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Mass spectrometry is considered to be a specific and universal detection 

method but, as the response depends on the ionization process, quantitative 

analysis using MS coupled with CE is currently less robust and the high price 

of the instruments limits its use for routine analysis [12]. 

 ELSD has largely been developed, and it can be considered today as a 

reliable, economic and versatile mode of detection in liquid chromatography 

[13–15]. ELSD can be considered as a complementary detector to UV-Vis 

[16–17]. The principles, properties, advantages and drawbacks of ELSD are 

well known [18]. The basic principle is to create droplets that they are easily 

evaporated by a Venturi atomisation process, thanks to the addition of a gas to 

the liquid phase at the chromatographic column outlet [19,20]. This step is 

carried out in a nebulising chamber. The aerosol is then forced, by the 

nebulising gas, into a drift evaporative tube, which induces a drying of the 

droplets to form suspended particles. These particles, considered as spherical, 

pass through a light beam. The light deflected by this particle stream is 

detected by a photomultiplier or a photodiode. The droplet (or particle) size is 

of the critical importance in the light scattering process. Indeed, different types 

of interactions between light and particles were reported for ELSD. These 

interaction types (Rayleigh, Mie, and reflection/refraction) depend on the ratio 

between particle diameter and wavelength of the incident light. Depending on 

this ratio, changes in the scattering intensity (i.e. in the peak area) are 

observed.  

 In this work we describe a simple approach for using ELSD as a 

detector for CE. It is commercial in nature, since directly use a triple tube 

nebulizer to facilitate the connection of the commercial CE equipment with the 

nebulizer chamber of ELSD. A study on the influence of the shape chamber 
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nebulization on separation was carried out. Then, the determination of non 

easily detectable analytes, by performing changes in nebulizer chamber length 

to assure a compatible connection between ELSD and CE systems (at least to 

obtain the best sensitivity and resolution) was achieved. In addition, the 

developed interface can be easily implemented. To this point, no reports 

describing the direct use of commercial ELSD with CE equipments have been 

appeared to date. However, Koropchak et al. described two different means for 

interfacing condensation nucleation light scattering detection (CNLSD) with 

CE [20]: the first one requires a Nafion membrane to ground the CE circuit, 

and to connect the system to a microconcentric pneumatic nebulizer, and the 

second system consists in the use of a coated polyether ether ketone capillary 

which is extended to the tip of the nebulizer, finally completing the CE circuit. 

Then, the authors improved the first coupling systems by the development of a 

new method which employs an electrospray aerosol [21] The arrangement 

proposed in this work uses aqueous volatile buffers commonly used in CE–MS 

(aqueous ammonium bicarbonate and diethylamine). The equipments coupled 

are commercial available equipments, and the developed interface works in a 

very simple way. The significant advantages of the coupled CE–ELSD system 

were demonstrated trough the separation of underivatized carbohydrates. 

 

II.1.2. RESULTS AND DISCUSSION 

II.1.2.1. Interface description 

 

  The conventional ELSD detector, commercialized as a detector for 

HPLC, does not work if it is directly connected to the capillary of the CE 

equipment. It is necessary: (i) to close the electrical circuit for the 
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electrophoretic separation; (ii) to accommodate the flow requirements for an 

efficient formation of the electrospray; and (iii) some, additional, minor 

adjustments. Figure II.1.1A shows the interface designed for CE–ELSD 

meeting these requirements. It is a stainless steel triple tube nebulizer, with 

some similarities with those used in CE–MS interfaces by ESI mode [22], 

which was accommodated in a customized ELSD nebuliser chamber with 

stainless head connected to the CE chassis with a ground cable (Figure 

II.1.1B), in order to avoid electrical discharges. The triple tube nebulizer 

consists of a central tube (the CE capillary) surrounded by a second stainless 

steel tube–the sheath-liquid tube (see details in Figure II.1.1C). The sheath-

liquid flows between this tube and the inner CE capillary. Between the sheath-

liquid tube and the third outer tube, or gas tube, flows the nebulising gas 

controlled by an additional pressure regulator compatible with CE–ELSD 

interface that contributes to control the nebulising process. The sheath liquid 

serves a dual function in the sprayer. First, it provides the means to complete 

an electrical circuit between the anode in the inlet vial and the metal of the 

sprayer, which is, in effect, the cathode. The sheath liquid contacts both the 

metal sprayer and the buffer flowing out of the CE capillary. Second, the 

electrospray process is optimal at flow rates in the μ /min range and because 

the electroosmotic flow (EOF) in CE is of the order of 20–200 nL/min, there 

exists an obvious discrepancy between the EOF and the electrospray 

requirements. In order to match the effluent flow to the requirements for 

electrospray, a make-up liquid is provided by the sheath liquid.  
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Figure II.1.1. (A) Scheme of the interface for coupling the CE equipment with the ELSD detector via 

a stainless steel triple-tube nebulizer. (B) Picture of the nebulizer accommodated in a customized 

nebulizer chamber and scheme of the different connections. (C) Details of the flow tubes to produce 

an efficient nebulization. 

 

The capillary must be placed in the triple tube sprayer and positioned in the 

ELSD nebulization chamber so that the capillary exit and spray are arranged to 

optimize transfer efficiency of the generated gas-phase ions into the ELSD. 

The degree to which the CE capillary exits the tube is also important and 

should not be more than approximately 1 mm. It is a simple arrangement in 

which the capillary end is at ground and the voltage is applied to the end-

plates. In this set-up the applied field strength will be the voltage applied by 

the CE instrument divided by the capillary length. This arrangement is simple 

and not requires any special electrical connections between the CE and ELSD 
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instruments, such as the use of Nafion membrane or nebulizer coated with a 

metal for grounding of the CE circuit system [20]. It is enough to connect a 

ground cable between CE chassis and the head of the stainless steel nebulizer 

chamber (Figure II.1.1A). A complete description of the experimental 

procedures is included in the Supporting Information (SI).  

 Detection by ELSD is influenced by CE instrumental parameters 

associated to the ELSD instrument (like nebulising gas flow-rate (pressure), 

evaporating temperature and nebuliser chamber length), the composition of 

buffer and flow-rate of the employed sheath liquid. Based on previous 

investigations in CE–MS, [23,24] we adapted the condition of separation and 

detection of caffeine and theophylline in order to test the reliable work of the 

CE–ELSD coupled system. Then, the separation and determination of 

mixtures of carbohydrates was selected as an example of analytical 

application, using analytes presenting difficulties to be detected by other 

detectors (UV–Vis, fluorescence, electrochemical) without any derivatisation. 

A summary of optimisation parameters are described below. 

 

II.1.2.2. Optimisation of the experimental conditions for the CE–

ELSD method.  

 

 In order to verify the correct operation of CE–ELSD, an optimised test 

procedure was used. The electrophoretic conditions used in this test are those 

described previously by N.A. Guzman et al. [23], and detailed in the CE–

ELSD conditions section. In ELSD, under these fixed electrophoretic 

conditions, nebulising gas flow rate (pressure) and evaporating temperature 

are the major instrumental adjustments available for giving good resolution 
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and maximizing detector response. Evaporating temperature should be 

appropriate to evaporate the mobile phase and to maintain uniformity of 

particle size. 

 In conventional ELSD system coupled to capillary liquid 

chromatography (CLC), ca. 3.5 bar is a gas pressure that could be used while 

still enabling proper nebuliser operation. When used with CE no peak 

resolutions were obtained (see Figure S–II.1.1A, Supporting Information), and 

hence it was necessary to optimise the nebuliser pressure. Nebuliser pressure 

ranged between 10 and 30 psi was tested in term of resolution and sensitivity 

(see Figure S-II.1.1, Supporting Information). A nebuliser pressure value of 10 

psi was chosen as a compromise between sensitivity and peak resolutions for 

caffeine and theophylline. 

 In accordance with to the theories of nebulisation and light scattering, 

the intensity of light-scattering mainly depends on the size of the particle in 

the drift tube that passes through the detector and this depends on the size of 

the aerosol formed in the nebulisation process [18]. Very high temperatures 

decrease the signal of the analytes because it produces the loss of semivolatile 

analytes and smaller particles would enter the detector. Temperature ranging 

from 30 °C to 80 °C, were tested by comparing peak area values. Baseline 

stability and sensitivity increased progressively when evaporative temperature 

was raised until 60 °C. When the temperature was higher than 60 °C, a 

significant decrease in the analytical signal was obtained. Then 60 °C was 

selected as optimal for separation and detection of caffeine and theophyline, 

due to a complete solvent evaporation and an acceptable baseline noise. 

Moreover, photomultiplier gain of the ELSD was also tested in a range from 1 

to 12. Separation of analytes was not affected by varying the gain, but signal 
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of all analytes increased as photomultiplier gain value was higher. Thus, 

photomultiplier gain was set at a value of 12. 

 For the separation of studied carbohydrates, and according to their pKa 

values which are ranged between 11.94 and 12.51, strongly alkaline carrier 

electrolytes with a pH above 12 are needed to their separation [22]. In order to 

maintain compatibility with the ELSD, only volatile buffers like diethylamine 

(DEA) can be used to obtain such BGEs. DEA concentrations between 50 mM 

and 400 mM, corresponding to pH values in the range of 12.0–12.5, were 

tested for the separation of the selected analytes. The separation in the 

presence of high-pH electrolyte systems can be explained by the lability of the 

proton of the monosaccharides and by the charge-to-mass ratio. At this pH the 

carbohydrates become negatively ionized. The stronger acid compound, 

fructose (pKa=12.03), is moving at a higher velocity upstream against the 

EOF, thus eluting at the end of the group of carbohydrates. Glucose 

(pKa=12.35), a weaker acid, eluted before fructose. Disaccharides presented a 

lower electrophoretic mobility than monosaccharides of the same acidity. This 

fact is due to the higher size-to-charge ratio of the disaccharides compared to 

monosaccharides. Sucrose (pKa=12.51), a disaccharide, moves upstream 

against the flow at a lower velocity than glucose due to its higher molecular 

weight, thus eluting first. Finally, maltose (pKa=11.94), moves upstream 

against the flow at a higher velocity than glucose and lower velocity than 

fructose due to its higher molecular weight and acidity. 

 Due to the high current obtained with the 300 mM BGE, a separation 

voltage of only +15 kV was used for these experiments. A nebuliser pressure 

of 6 psi and drift tube temperature 70 °C were optimum for separation and 

detection of carbohydrates. Nebuliser chamber length has also been optimised. 
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When a conventional cell (14.0 cm length) was used, no resolution were 

obtained between peak 1 and 2 (see Figure II.1.2), whereas shorter lengths 

increased the resolution. A value of 9.5 cm produced the best resolution. This 

was the final nebuliser chamber length used for the separation and 

determination of carbohydrates by CE-ELSD. 

 

 

Figure II.1.2. Electropherogram of a 50 μg/mL standard solution of carbohydrates by the proposed 

CE−ELSD at different nebulizer chamber lengths: (A) 14.0 cm; (B) 13.5 cm; (C) 11 cm, and (D) 9.5 

cm. Conditions: capillary, 50 μm i.d. × 110 cm total length, capillary temperature, 30 °C; 20 s 

hydrodynamic injection (50 mbar); applied voltage, 15 kV; the running electrolyte, 300 mM 

diethylamine (DEA) (pH = 12); sheath liquid, 5 mM diethylamine: methanol (1:1 v/v) at 0.5 μL min−1; 

nebulizer pressures, 6 psi; evaporative tube temperature, 70 °C; photomultiplier gain, 12. Peak 1 

(sucrose), peak 2 (glucose), peak 3 (maltose), and peak 4 (fructose). 
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II.1.2.3. Application to carbohydrates determination.  
 

 Combined CE-ELSD can be an excellent way to determine compounds 

lacking strong UV chromophore/fluorophore groups, such as carbohydrates. 

As explained in our previously published work, [14] with ELSD, the peak 

output signal (peak area, Y) is a function of the mass of the scattering particles 

and generally follows an exponential relationship. In different recent works, 

ELSD was used for analyte quantification with a logarithmic linearization 

[14]. Such mathematical transformation is allowed by ICH, [25] but leads to 

an experimental error distortion by simple data flattening [26]. Individual 

calibration graphs were run with standard mixtures of the four carbohydrates 

within the linear ranges (10–100 µg/mL). Each solution was injected by 

triplicate. Table II.1.1 reports the figures of merit of the method, namely, 

linear range and sensitivity (as limit of detection for each individual 

carbohydrate using a linear model described).  

 

Table II.1.1. Regression data, LODs and LOQs for the carbohydrates determined by CE–ELSD. 
 

Compounds Y= (a±Sa)+(b±Sb) X R
2 

Sx/y LODs 

(ng) 

LOQs 

(ng) 

RSD 

(%) 

Sucrose (2.091±0.004)+(0.421±0.008) X 0.9983 0.0070 1.07 1.25 4.9 

Glucose (2.185±0.004)+(0.417±0.007) X 0.9985 0.0065 1.07 1.24 3.4 

Maltose (2.385±0.002)+(0.386±0.003) X 0.9996 0.0030 1.03 1.11 2.5 

Fructose (2.395±0.003)+(0.399±0.005) X 0.9992 0.0045 1.05 1.17 4.2 

 

The precision of the method, expressed as relative standard deviation 

(RSD), for the determination of each carbohydrate, was found within the 2.5–

4.9% (n=10) range in all cases. The limit of detection (LOD), defined as the 

concentration of analyte giving a signal equivalent to the blank signal plus 
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three times its standard deviation, was calculated for each individual 

carbohydrate. In this case, because the coincidence of the background signal 

with the blank signal, intercept values and their corresponding standard 

deviation from the calibration equations were taken for LOD calculations. 

Thus, the LODs obtained for the proposed method were in the 1.03–1.07 ng 

range. The limit of quantification (LOQ), defined as the concentration of 

analyte giving a signal equivalent to the blank signal plus ten times its 

standard deviation, were in the 1.11–1.25 ng. 

 The applicability of the proposed method was checked by analyzing 

samples containing a mixture of carbohydrates. The results obtained are shown 

in Table S II.1.1 (Supporting Information). As can be seen in the table, the 

concentrations added and found were generally in good agreement. The 

sensitivity was sufficient for detection of carbohydrate levels in such complex 

matrices as milk and coffee, [27] juice samples, [28] and wine [24]. 

Appropriated preconcentration or clean-up techniques can be used in other 

cases in which higher sensitivity or selectivity were required.  

 

II.1.3. CONCLUSIONS 

 

 ELSD has been coupled as a detector to a CE equipment. The 

developed interface is based on a triple–tube design sprayer. With the use of 

such a sprayer the sheath liquid provides a further point of optimization that 

contributes to a high reliability. One of the most salient advantages of the 

proposed approach is the fact that both coupled systems are commercially 

available equipments and that the customized interface is very easy to 

perform. With regard to buffers that are suitable for use with CE–ELSD, the 
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applications presented above indicate that there is a more extensive range of 

buffer choice than initially expected. ELSD detection in CE opens interesting 

possibilities, especially for analytes non sensitive to other common detectors 

used in CE, such as UV–Vis, fluorimetric or electrochemical. ELSD can be 

considered to be universal, as in principle the only analyte characteristic 

required for response is low volatility compared to buffer solution. It is 

expected CE–ELSD will open new possibilities for the analytical 

characterization of polymers and bio-polymers, macromolecules, nanoparticles 

and, in general, big molecules or aggrupation of molecules. 

 

II.1.4. Supporting information 

II.1.4.1. Experimental Procedures 

II.1.4.1.1. Chemicals and Materials 

 

 Caffeine, theophylline and D-(+)-maltose monohydrate were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). D-(+)-glucose anhydrous, D-(-)-

fructose, sucrose, were purchased from Panreac (Barcelona, Spain). Reagents 

used for the preparation of carrier electrolyte were of analytical grade: 

ammonium bicarbonate, diethylamine (DEA), formic acid were supplied from 

(Sigma Aldrich, Spain), and sodium hydroxide from Panreac (Barcelona, 

Spain). Water was purified with a Milli-Q system (Millipore).  

 

II.1.4.1.2. Instrumentation  

 

  Electrophoretic analyses were performed on an Agilent Model 

G1600AX (Palo Alto, CA, USA) CE instrument equipped with a diode array 
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detector. The makeup flow of sheath liquid was delivered by an Agilent 1100 

isocratic pump, which was operated at a 1:100 split ratio. The uncoated fused 

silica capillaries used were supplied by Beckman (Fullerton, CA). 

 An Agilent 1200 Series evaporative light-scattering detector equipped 

with a new interface described below and additional pressure regulator (0.5–10 

psi) (Ingenieria Analítica, Spain) for coupling CE instrument was used. CE-

ELSD Instrument was configured and controlled, by using a Rev.B.04.01–481 

of 3D-CE/MSD ChemStation software version (Agilent Technologies). 

 

II.1.4.1.3. CE-ELSD performance test  

 

 Separations were carried out on fused-silica capillaries with 50 µm i.d. 

x 75 cm total length. Prior to use, all new capillaries were conditioned by a 

sequential rinsing procedure, starting with 1.0 M NaOH for 15 min followed 

by 15 min with water. The aqueous background electrolytes used in this test 

procedure (separation of caffeine and theophylline) was 50 mM ammonium 

bicarbonate (pH=11). Between analyses, the capillary was reconditioned prior 

to each sample introduction by rinsing with background electrolyte for 5 min. 

Standard mixtures of  caffeine and theophylline were introduced into the 

capillary by positive pressure at 50 mbar for 20 s (ca. 104 nL using the 

Hagen–Poiseuille equation). Separations were carried out at 20 kV, with an 

initial ramping of desired voltage in 0.2 min, and the capillary temperatures 

were maintained at 25 ºC. The coaxial sheath liquid consisted of a 

methanol:water:formic acid (79.5:20:0.5 v/v/v) mixture flowing at a flow-rate 

of 0.5 mL/min. The sheath liquid flowing into the ELSD system was delivered 
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through a splitter set working at 1:100 ratio, thus resulting in a 5 µL/min flow–

rate into the sprayer. 

 For CE–ELSD interface, the outlet or exit tip of the capillary was 

inserted into the interface or sprayer triple tube assembly and allowed to 

protrude approximately 1 mm outside the sprayer. A 10- and 30-mm portion of 

the polyimide coating of the outlet end of the capillary was removed, using 

heat to ensure a stable electrospray. Nitrogen was used as the nebulisation gas 

and controlled by and additional regulator pressure. The ELSD 

photomultiplier was set at gain 12 with a nebulising pressure of 10 psi, and an 

evaporator tube temperature of 60 °C. The length of the nebuliser chamber 

was 14.0 cm and diameter of 2.5 cm. 

 

II.1.4.1.4. Separation of carbohydrates by CE-ELSD 

 

 Separations were carried out on fused–silica capillaries with 50 µm i.d. 

x 110 cm total length. The aqueous background electrolytes used in the 

separation of carbohydrates was 300 mM DEA (pH=12). Between analyses, 

the capillary was reconditioned prior to each sample introduction by rinsing 

with water for 3 min, 0.1 M NaOH for 3 min, water for 3 min, and with 

background electrolyte for 5 min. After use, the capillary was rinsed with 

water for approximately 5 min and stored in air at 25 
o
C. All samples were 

introduced into the capillary by positive pressure at 50 mbar for 20 s (ca. 71 

nL using the Hagen-Poiseuille equation). Separations were carried out at 15 

kV, with an initial ramping of desired voltage in 0.2 min, and the capillary 

temperatures were maintained at 30 
o
C. The coaxial sheath liquid consisted of 

a 5 mM DEA:methanol (1:1 v/v) flowing at a flow-rate of 5 µL/min into the 
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sprayer. The ELSD photomultiplier was set at gain 12 with a nebulising 

pressure of 6 psi, and an evaporator tube temperature of 70 
o
C. The length of 

the nebuliser chamber was 9.5 cm and diameter of 2.5 cm. 

 

 

Figure S.II.1.1. Electropherogram of a 100 µg/mL standard solution of caffeine and theophylline by 

the proposed CE–ELSD at different nebuliser pressures: (A) 3.5 bar; (B) 30 psi; (C) 20 psi and (D) 

10 psi. Conditions: capillary, 50 µm i.d. x 100 cm total length, capillary temperature, 30 oC; 20 s 

hydrodynamic injection (50 mbar); applied voltage, 20 kV; the running electrolyte, 50 mM 

ammonium bicarbonate (pH=11); sheath liquid, methanol:water:formic acid (79.5:20:0.5 v/v/v) at 0.5 

µl/min. Evaporative tube temperature 60 oC, photomultiplier gain 12 and nebuliser cell length 12 

cm. Peaks: 1, caffeine and 2, theophylline. 
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Table S-II.1.1. Analysis of synthetic samples containing carbohydrates by CE–ELSD. 

Samples Compounds Added (µg mL
-1

) Found (µg mL
-1

) Error 

(%) 

S
a

m
p

le
 1

 Sucrose 25 25,8 +3.2 

Glucose 25 25,6 +2.4 

Maltose 30 28,5 -5.0 

Fructose 

 

20 19.4 -3.0 

S
a
m

p
le

 2
 Sucrose 35 35,8 +2.3 

Glucose 50 52.5 +5.0 

Maltose 40 39,3 -1.8 

Fructose 

 

30 29,5 -1.7 

S
a
m

p
le

 3
 Sucrose 60 60,7 +1.2 

Glucose 75 75,5 +0.7 

Maltose 60 59,4 -1.0 

Fructose 60 58,6 -2.3 
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A B S T R A C T 
 

 This technical note presents a simple and rapid methodology to separate and 

characterize gold nanoparticles (AuNPs) in aqueous medium by capillary 

electrophoresis-evaporative light scattering detection (CE-ELSD). First, a controlled 

synthesis procedure to obtain water-soluble AuNPs, by varying the trisodium citrate 

concentration was described. These free AuNPs were separated by capillary zone 

electrophoresis (CZE) based on the differences in the charge-to-mass ratio of the 

AuNPs-citrate in a mixed buffer of ammonium acetate (20 mM), containing 

Tris(hydroxymethyl) aminomethane (Tris; 20 mM) and 3-(cyclohexylamino)-1-

propanesulfonic acid (CAPS; 10 mM) at pH 8.5. Under the optimal working 

conditions, three small different-sized AuNPs were successfully separated whose 

average sizes were 3.5, 6.5 and 10.5 nm. The average diameter was lower than 1.2 nm 

for all of them (calculated by high-resolution transmission electron microscopy, 

TEM). Thus, this CE-based method was able to separate AuNPs that differ in only 3 

nm in diameter. It can be a valuable methodology for the rapid and cost-effective 

characterization of other nanomaterials in the future. 

Journal homepage: http://pubs.acs.org/journal/ancham 
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II.2.1. Introduction 

 

Nanoparticles (NPs) have a significant impact in sciences, medicine, 

and electronics. The physical, and chemical properties of NPs are directly 

related to their intrinsic compositions, apparent sizes, and intrinsic surface 

structures. Therefore, the design, synthesis, characterization, and applications 

of nanostructures are critical aspects for the emerging field of nanomaterials 

(NMs)
 
[1]. The size characterization and/or separation of NPs are one of 

important trend topic nowadays, as their physical and chemical properties 

depend on their sizes [2]. In general, scientists rely almost exclusively on 

electron microscopy (EM) [3] and dynamic light scattering (DLS) [4], to 

characterize the size distributions of solution-grown NPs, such as gold NPs 

(AuNPs). Nevertheless, EM is an expensive and time-consuming technique, 

which not involves any separation process. As to DLS is often impractical, and 

provides low signal-to-noise (S/N) ratios. Addiotionally, DLS cannot separate 

the contributions of the various NP sizes in the population to the total 

correlation function [5,6]. 

In recent years, hyphenated techniques were also employed for this 

purpose, which is the case of inductively coupled plasma-mass spectrometry 

(ICP-MS) [7], but this application field is still in its beginning regarding ICP-

MS based hyphenated techniques [8]. Field flow fractionation (FFF), have 

been used also for NPs separation coupled to ICP-MS as a detector [9]. 

However, the separation power of this mild size-fractionating technique has 

been so far limited and especially NPs below 10 nm diameters might be not 

accessible [8]. 
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Chromatographic methods, such as size exclusion chromatography 

(SEC) [10], have been proved its usefulness for characterizing the size of 

AuNPs.  Although separation of AuNPs ranging from 5 to 79 nm have been 

performed successfully using SEC [10], they have generally been 

accompanied by irreversible adsorption of the particles onto the stationary 

phase [5]. Despite of the referred methods for size separation and 

characterization, additional tools for specific applications are still required [6]. 

Capillary electrophoresis (CE) is one of the most powerful current 

separation technique, which has been progressed to belong to a large group of 

high-resolution separation techniques over the past two decades. In terms of 

simplicity, resolution, and economy, CE can outstrip to HPLC, by its ability to 

use small volumes of sample and reagents, low mass detection limits, and easy 

miniaturization [11]. This technique is not limited only to the separation of 

small molecules, but it has been successfully employed to characterize 

nanometer sized spherical AuNPs [2,3,5,12], obtaining good results. 

Exploiting the whole advantages of this equipment in order to improve 

the ability of NPs separation and detection, our group recently designed a new 

system, consisting in a CE-ELSD customized coupling [13]. Aftewards, it was 

successfully applied for the determination of amino acids in real samples after 

a clean-up treatment by carbon nanotubes [14]. This system is characterized by 

its simplicity and accessibility, because of the commercial availability of both 

equipments and the simple performing and handling of the customized 

interface. Thanks to its versatility and the quasi-universality, ELSD can be 

considered as a reliable, economic, and versatile mode of detection, and an 

attractive alternative to other CE detection systems (e.g., UV-Vis, 

fluorescence, electrochemical detection, or even MS detection), particularly 
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those in which derivatization is needed. The basic principle of this detector is 

to create droplets thanks to the nebulizing gas and to evaporate them, 

obtaining suspended particles, which are posteriorly detected. The advantages 

of the coupled CE-ELSD system were also demonstrated through the 

separation of un-derivatized carbohydrates [13].
 

In this work, it is presented the results on the use of CE-ELSD 

developed system [13] as an alternative and powerful tool for separation and 

characterization of AuNPs. The proposed approach is based on a prior 

preparation of different sizes of AuNPs followed by their CZE separation and 

detection by ELSD. To the best of our knowledge, is the first time of reporting 

the use of ELSD and CE in the separation and the detection of NPs. 

 

II.2.2. Experimental  

II.2.2.1.Chemicals and materials 

 

 All chemicals were of analytical reagent grade and water from a Milli-

Q purification system (Millipore, Bedford, MA, USA) was used in all cases. 

Hydrogen tetrachloroaurate tetrahydrate (HAuCl4 4H2O, 99%), tri-sodium 

citrate dehydrate (C6H5Na3O72H20; ≥99%), ammonium acetate (NH4Ac), tris-

(hydroxymethyl) aminomethane (Tris) and 3-(cyclohexylamino)-1-

propanesulfonic acid (CAPS) were supplied from (Sigma Aldrich, Spain). 

Sodium hydroxide was obtained from Panreac (Barcelona, Spain). 
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II.2.2.2. Instrumentation 

 

 UV–Vis spectra were obtained on a Secoman UVI Light XS 2 

spectrophotometer equipped with a LabPower V3-50 for absorbance data 

acquisition. Optical measurements were performed using 10 mm quartz cell at 

room temperature. Transmission electron microscopic (TEM) characterization 

was performed on a Tecnai G2 F20 (Philips, Holland) at 200 kV. The samples 

for TEM were obtained by drying sample droplets from water dispersion onto 

a 300-mesh Cu grid coated with a lacey carbon film, which was then allowed 

to dry prior to imaging. Electrophoretic analyses were performed on an 

Agilent Model G1600AX (Palo Alto, CA, USA) CE instrument equipped with 

a diode array detector. The make-up flow of sheath liquid was delivered by an 

Agilent 1100 isocratic pump, which was operated at a 1:100 split ratio. The 

uncoated fused silica capillaries used were supplied by Beckman (Fullerton, 

CA). An Agilent 1200 Series evaporative light-scattering detector equipped 

with a new interface described below and additional pressure regulator (0.5-10 

psi) (Ingenieria Analítica, Spain) for coupling CE instrument was used. CE-

ELSD Instrument was configured and controlled by using a Rev.B.04.01-481 

of 3D-CE/MSD ChemStation software version (Agilent Technologies). 

 

II.2.2.3. Synthesis of AuNPs 

 

 All the glasswares used in the procedures were soaked and cleaned in a 

bath of freshly prepared aqua regia, rinsed thoroughly in pure water, and dried 

in air prior to use. Citrate-capped AuNPs, with average size of 10.5±1.19 nm, 

were synthesized following the modified method pioneered by Turkevich et 
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al.
15

 in which a 50 mL solution containing 1mM of HAuCl4 was prepared and 

heated under reflux. At the boiling point, 5 mL of 35 mM trisodium citrate was 

added to the this solution under vigorous stirring and the mixture was heated 

under reflux for an additional 30 min, during which 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 4ºC for further 

utilization. To prepare the AuNPs with diameters of 6.5±0.96 and 3.5±0.73, 

7.5 and 10 mL of 35 mM trisodium citrate were used, respectively.  

 

II.2.2.4. Interface description 

 

 It was described in our previous work [13], where the coupling of 

commercially available CE and ELSD equipments was reported for the first 

time. The developed interface is based on a triple-tube design sprayer, which 

achieves the closing of the electrical circuit for the electrophoretic separation, 

as well as accommodating the flow requirements for an efficient formation of 

the electrospray, among other advantages [13,14].
 
Parameters affecting the 

separation and the detection of AuNPs have been studied and optimized.  

 

II.2.2.4. CE-ELSD conditions 

 

 Separations were carried out on fused-silica capillaries with 50 µm i.d. 

x 100 cm total length. Prior to use, capillary was daily conditioned by washing 

with freshly prepared 0.1 M NaOH (30 min) followed by deionized water (20 

min) and fresh running electrolyte (20 min). Between each injection, the 

capillary was reconditioned prior to each sample introduction by rinsing with 
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background electrolyte for 5 min. The aqueous background electrolytes used 

for the separation of AuNPs was a mixture of 20 mM NH4Ac, 20 mM Tris 

and 10 mM CAPS at pH 8.5. AuNPs were introduced into the capillary by 

positive pressure at 4.9 KPa for 100 s. The applied voltage was set at 10 kV, 

with an initial ramping of desired voltage in 0.2 min, and the capillary 

temperatures were maintained at 20 °C. The coaxial sheath liquid consisted of 

10 mM ammonium acetate /MetOH (v/v) mixture flowing at a flow-rate of 1 

mL/min. The sheath liquid flowing into the ELSD system was delivered 

through a splitter set working at 1:100 ratio, thus resulting in a 10 μ /min 

flow-rate into the sprayer. For CE-ELSD interface, the outlet or exit tip of the 

capillary was inserted into the interface or sprayer triple tube assembly and 

allowed to protrude approximately 1 mm outside the sprayer. A 10 mm portion 

of the polyimide coating of the outlet end of the capillary was removed, using 

heat to ensure a stable spray. Nitrogen was used as the nebulization gas and 

controlled by and additional regulator pressure. The ELSD photomultiplier 

was set at gain 9 with a nebulizing pressure of 2.07 KPa, and an evaporator 

tube temperature of 70 °C. The length of the nebulizer chamber was 12 cm and 

diameter of 2.5 cm (Table II.2.1). 
 

Table II.2.1. Optimized operating conditions for CE-ELSD. 

Parameters Optimal conditions 

Buffer composition  Mixture of 20 mM Tris, 10 mM CAPS and 20 mM 

NH4Ac 

 pH of buffer  8.5 

 Separation voltage  10 kV 

 Capillary dimension 50 μm i.d. × 100 cm 

 Capillary temperatures 20 °C 

 Injection time 100 s 

 Injection pressure  4.9 KPa 

 Sheath liquid composition  10 mM NH4Ac/metOH (v/v) 

 Flow rate of sheath liquid  10 µL/min 

 Nebulizer pressure  2.07 Kpa 

 Drift tube temperature  70 °C 

 Photomultiplier gain  9 
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II.2.3. Results and discussion 

II.2.4.Characterization of Synthesized AuNPs 

 

 It is well known that the appearance of the absorption spectrum can 

mirror the presence of different AuNPs [16]. Absorbance measurements were 

made over the wavelength range 300-900 nm. Figure II.2.1 demonstrates 

spectra of AuNPs prepared under different conditions in the visible wavelength 

region. The characterized absorption band (520 nm) of the three sizes of 

AuNPs seems to be different, which appears to be logic due to the difference 

of absorbance surfaces of AuNPs and their solution color. 

Transmission electron microscopy (TEM) measurement was also performed 

on the prepared AuNPs, and at least 300 particles were selected at random to 

characterize the size distribution of the AuNPs. 

 

 

Figure II.2.1. Absorption spectrum of synthesized AuNPs at (a) 5.8 mM, (b) 4.6 mM, and (c) 3.2 

mM citrate concentration. 
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Figure II.2.2 shows the TEM images and their corresponding size distribution 

of the prepared AuNPs. As it can be seen in Figure II.2.2, the size of AuNPs 

decreased with increasing concentration of citrate from 3.2 to 5.8 mM, 

obtaining good quality of AuNPs, with average sizes of 10.5±1.19, 6.5±0.96 

and 3.5±0.73, respectively. 

 

 

Figure II.2.2. TEM images and size distributions of AuNPs with average diameters of (A) 10.5±1.19 

nm, at 3.2 mM citrate concentration; (B) 6,5 ±0.96 nm, at 4.6 mM citrate concentration and (C) 

3.5±0.73 nm, at 5.8 mM citrate concentration. 
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II.2.3.1. Separation and detection performance  

 

 AuNPs are commonly capped with a stabilizing and protective capping 

agent that prevents them from getting in contact with each other. The one 

commonly used is citrate, which acts as a capping agent imparting a negative 

charge to AuNPs, which in turn repulses adjacent NPs through mutual 

electrostatic repulsion and prevents them from agglomerating. This occurs as a 

result of the negative surface charge of the citrate layer [17,18]. In order to 

achieve size separation of AuNPs with appropriate resolution, the influence of 

several parameters was investigated in order to identify the key variables that 

affect sensitivity and separation efficiency of CE-ELSD. For this purpose, a 

mixture of 3.5, 6.5 and 10.5 nm of AuNPs were used. 

 

II.3.2. Separation of AuNPs  

 

 In the literature, most of reported works dealing with CE separation of 

AuNPs; used additives such as micelle-forming surfactants (e.g. sodium 

dodecyl sulfate, SDS) to achieve good separation [2]. 
2
 Based on the reported 

works of AuNPs separation by CE, the most commons used buffers in 

capillary separation were a mixture of SDS and CAPS [2,19], Tris [12] or a 

mixture of Tris and NH4Ac [20]. The same conditions reported in these works 

were tested for the CE-ELSD method. Firstly, in this case the use of micelles 

as a covering layer to enhance separation efficiency was not possible because 

the generation an important noise in ELSD detector, and hence negatively 

affecting to the resolution. The effect of different buffers on the separation of 

three studied sizes of AuNPs was studied. On the other hand, a mixture of 20 
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mM Tris and NH4Ac at pH 8 was used in the running electrolyte (Figure 

II.2.3a), and the results shown that a better separation performance, between 

two of the three different sizes of NPs took place by adding the CAPS, to 

NH4Ac and Tris buffer (Figure II.2.3b). This fact can be explained because the 

increase of the ionic strength by adding a slightly strong electrolyte, producing 

a remarkably decrease the electrostatic repulsion, as well as the thickness of 

the electrical double layer of colloidal NPs. 

 

 

Figure II.2.3. Electropherograms of three different sizes of AuNPs by the proposed CE–ELSD 

method, using: (a) 20 mM Tris and NH4Ac as buffer at pH 8. (b)  20 mM Tris, NH4Ac and 10 mM 

CAPs as buffer at pH 8. Others CE-ELSD conditions are detailed in Table II.2.1. 

 

As a result, the balance of electrostatic repulsive potential and the van der 

Waals attractive potential is broken and the AuNPs could reach a close 

distance in which assembly becomes more favorable. Holding the negative 

charge on their surface promotes the repulsion to the wall of the capillary, 

then, prevents their interaction or adsorption. As discussed above, the high size 
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of AuNPs hold much higher assembly potential than that of the lower size 

[16], which promotes the separation between both sizes. The separation of 

AuNPs can be attributed to the charge-to-mass ratio. Due to the negatively 

charge of AuNPs, the small AuNPs is moving upstream against the EOF, and 

the other size is moving at higher velocity upstream against the EOF because 

of their highly charged surface, which explain the time of retention order 

between the big and the small AuNPs, thus eluting behind the other. The 

mixture NH4Ac, Tris and CAPS was used to study the influence produced by 

the buffer concentration and the pH value have on the separation of AuNPs. 

The effect of pH on the EOF in the running electrolyte and, therefore, 

on electrophoretic migration and resolution of the three different sizes was 

studied. The pH was varied between 8.0 and 11.0 using the mixture as the 

running electrolyte solution at 20 mM ionic strength. AuNPs migrated to the 

cathode, from the small size to the big size, increasing migration times (see 

Figure II.2.4a-c). From the pH-dependence of the apparent mobility of the 

studied AuNPs, a pH value of 8.5 resulted as the optimum for the separation.  

This pH produced a good resolution for the separation of AuNPs at 3.5 and 6.5 

nm sizes, whereas the peak corresponding to the 10.5 nm AuNPs was not 

totally resolved. The effect of the concentration of CAPS, NH4Ac and Tris on 

the separation was examined in the range of 5-50 mM in order to improve the 

resolution of the three peaks, by fixing constant the concentration of two 

compounds at 20 mM and varying third one. The concentration of Tris showed 

a few effect on the separation efficiency. As the concentration of NH4Ac 

decreased in the range of 20-100 mM, the resolution of the two AuNPs species 

increased, but the migration time and electric current also decreased. When the 

concentration of NH4Ac decreased to 5 mM, the separation efficiency was 
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reduced. Regarding to CAPS, when the concentration was increased above 5 

mM, the resolution and separation efficiency decrease, but when the 

concentration value exceeded 10 mM, the separation efficiency was reduced. 

Then, better resolution and less noised baselines were obtained when a 

mixture 20 mM NH4Ac-Tris and 10 mM of CAPS buffer at pH 8.5 was used 

(Figure II.2. 4c).  

The applied voltage for the separation was another important factor. 

Attempt was made to optimize the separation by using different applied 

voltages, ranging from 10 to 30 kV under the optimum conditions previously 

reported. The separation voltage directly determines the migration time, and it 

affects to the resolution. The migration time decreased when voltage 

increased. Based on the experiments, 10 kV was selected as the optimum 

voltage to accomplish a good compromise between the migration time and the 

separation efficiency. Probably due to Joule effect and the heating of the 

capillary, not very reproducible results were obtained at a higher potential than 

10 kV. Moreover, capillary temperature was also set at 20 °C and a good 

separation of AuNPs was performed. 

Hydrodynamic injection was chosen because it gives more 

reproducible results than electrokinetic injection [14]. Time and pressure of 

injection were also optimized. A range from 5 to 200s was tested and it was 

observed that sensitivity increased with increasing time of injection. However, 

more than 100s resulted in no separation. Consequently, 100s of injection time 

was selected as the optimum value. Moreover, injection pressure was studied 

by ranging from 2.94 to 4.9 KPa. Better sensitivities were obtained for all the 

AuNPs, when 4.9 KPa was selected as the injection pressure value. 
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Figure II.2.4. Electropherograms of AuNPs by the proposed CE–ELSD method (a) AuNPs with 

average diameter of 3.5±0.73 nm; (b) AuNPs with average diameter of 6.5±0.96 nm; (c) AuNPs 

with average of diameter 10.5±1.19 nm and (d) three separated AuNPs sizes. CE-ELSD conditions 

are detailed in Table II.2.1. 

 

II.3.3. Detection conditions  

 

 The choice of parameters affecting to the sheath liquids was also an 

important factor for the appropriate work of the CE-ELSD interface. Three 

kinds of volatile salts (5 mM of each) of formic acid, ammonium formate, and 
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ammonium acetate, were dissolved in 50% (v/v) methanol-water, respectively, 

and each sheath liquid was investigated. When a 5 mM ammonium acetate 

solution was used, the highest sensitivities were obtained for the different 

AuNPs sizes. Therefore, this solution was selected as the volatile salt in the 

sheath liquid. The effect of flow rate of the selected sheath liquid was 

investigated over the range 4-10 µL/min. To avoid dilution problems in the 

CE–ELSD interface, and then to enhance sensitivity, the possibility of 

decreasing the flow rate of the sheath liquid was studied. However, flow rates 

lower than 5 µL/min resulted in current instability and increasing the peak 

widths, that negatively affected the separation. Based on these experiments, a 

10 µL/min value was selected as sheath liquid flow rate, in order to 

accomplish a good rely between sensitivity and the separation efficiency. The 

final results indicates that 5 mM ammonium acetate in 50% (v/v) methanol-

water at 10 µL/min flow rate was the optimum conditions of the sheath liquid 

used for AuNPs analysis by CE-ELSD. 

  For the ELSD, under fixed electrophoretic conditions, nebulizing gas 

flow rate (pressure) and evaporating temperature are the major instrumental 

available adjustments for maximizing detector response efficiency. In 

conventional ELSD system coupled to capillary liquid chromatography, ca. 

350 kPa is a gas pressure that could be used while still enabling proper 

nebuliser operation. When used with CE no peak resolutions were obtained, 

and hence it was necessary to optimize the nebulizer pressure. Nebuliser 

pressure, ranged between 0.69 to 6.89 kPa, was tested in term of resolution 

and sensitivity. A nebulizer pressure value of 2.07 kPa was chosen as a 

compromise between sensitivity and peak resolutions for the AuNPs.  
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According to the theories of nebulization and light scattering, the 

intensity of light-scattering mainly depends on the size of the particle in the 

drift tube that passes through the detector and this depends on the size of the 

aerosol formed in the nebulization process [13,14]. Very high temperatures 

decrease the signal of the analytes because smaller particles could enter to the 

detector. Temperatures ranging from 50 °C to 80 °C were tested by comparing 

peak area values. A drift tube temperature at 65 °C was selected as optimal due 

to a complete solvent evaporation and an acceptable baseline noise. Moreover, 

photomultiplier gain of the ELSD was also tested in a range from 1 to 12. 

Separation of analytes was not affected by varying the gain, but signal of all 

analytes increased as photomultiplier gain value was higher. Thus, 

photomultiplier gain was set at a value of 9. Under established optimal 

conditions, standard mixture of AuNPs was injected into the CE-ELSD 

system.  

 

II.2.4. Conclusions 

 

 CE-ELSD coupling system showed to be a mature methodology to 

separate and characterize different sizes of AuNPs. CE-ELSD shows to be an 

useful methodology to detect and size-characterize even small amounts of 

NPs. This fact is explained for two reasons: (1) NPs separation capability of 

CE technique, and (2) the ELSD detection principle is based on the size 

particle. This hyphenated instrumental system was arranged, and successfully 

used, for the separation and characterization of AuNPs sizes, that differ in only 

3 nm in diameter. The determined sizes of the separated NPs, which were 

based on online CE and ELSD measurements, were in the range of 3.5-10.5 
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nm without the use of any surfactant agent. This novel strategy of using CE-

ELSD for analyzing the sizes of NPs can be advantageous expanded to the 

characterization of nanomaterials in the future. Additionally, it can be seen as a 

standard methodology to be implemented into routine comprehensive 

approaches for the analysis and characterization of NPs structure. This feature 

can be exploited to optimize synthesis of structured NPs, and to confirm the 

presence of the functionalizing agents at the nano-dispersed NPs. 
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 In all its facets, Analytical Chemistry has experienced an 

unprecedented growth in the past few decades.  Instrumentation also (e.g., 

chromatography, spectroscopy, microscopy and microdevices) has known 

phenomenal development. However, even with the modern methods and 

instrumentation, the direct analysis of (bio)chemical samples is not always 

easy because of the low concentration of the analytes in samples and some of 

them are non-easily detectable, the existent interferences and matrix 

complexity. In this sense, new demands of analytical (bio)chemical 

information posed by the present social and economic problems have been 

generated. 

 The emergence of Nanoscience and Nanotechnology had an important 

impact on the field of Analytical Chemistry. In order to provide the new posed 

demands in informations Analytical Chemistry was used nanotechnological 

tools by the exploitation of the exceptional properties of nanoparticles for the 

improvement of the existing analytical methods or to develop others for new 

analytes or matrices analysis. In this way, one of important key aspects of this 

exploitation is the use of nanomaterials as analytical tools involved in sample 

preparation for the development and improvement of (bio)chemical 

measurement processes. This aspect is depicted in this chapter by the 

developed works: 

 

 The first work is a review which provides a general overview of the 

applications and the usefulness of magnetic nanoparticles as a tool in 

sample treatment. Presented with the aim to highlight the developed 

analytical methods, encountered difficulties and the proposed solutions 

in this purpose.   
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 The second work shows the applicability of ionic liquids supported on 

magnetic nanoparticles as a sorbent preconcentration material for 

sulfonylurea herbicides prior to their determination by capillary liquid 

chromatography. 

 The third one presents the extraction of catecholamines by magnetic 

molecularly imprinted polymers, and the brought advantages by the 

magnetism property in this finality.  

 The fourth one disclose the use of carbon nanotubes for the 

determination of amino acids from tea sample, without a prior 

derivatization step, using the developed hyphenated CE-ELSD system 

for this purpose.  
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A B S T R A C T 
 

 This review, with more than 170 references, presents a general 

overview of the use of magnetic nanoparticles (MNPs) to perform sample 

preparation. In this way, the main types of MNPs used for this purpose, such 

as magnetic molecularly imprinted polymer (MMIP), noble metal coated 

MNPs, carbon nanotubes (CNTs), quantum dots (QDs), silica, and surfactant 

are described in terms of their composition, properties, and synergetic 

potential. Finally, some examples of their analytical applications are reported, 

as well as pointing out possible future applications of MNPs in the analytical 

field. 
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III.1.1. Introduction 

  

 Developments in nanoscience and nanotechnology have led to a new 

framework within science and technology. Analytical chemistry has 

experienced, as well as other areas of science, a big change due to the needs 

and opportunities provided by analytical nanoscience and nanotechnology. 

Now, nanotechnology is increasingly proving to be a powerful ally of 

analytical chemistry to achieve its objectives, and to simplify analytical 

processes. Moreover, the information needs arising from the growing 

nanotechnological activity are opening an exciting new field of action for 

analytical chemists. No doubt, nanomaterials, in their wide variety of options 

(pure/compounds, MNPs/ nanostructured materials, nanolayer, etc.) are, at 

present, the most relevant scope of nanochemistry and materials science. The 

synthesis, development and characterization of nanomaterials are key aspects 

to other areas, such as nanobiotechnology (nanomedicine), energy, 

nanoelectronics, nanodevices and sensors. The specific application areas are 

very diverse: consumer goods, cosmetics, printing, packaging, catalysts, 

agroalimetary, construction, automotive, aerospace. 

 Major attention has been paid to the synthesis of a variety of MNPs 

like spheres, nanotubes, nanocages and nanohorns using different materials, 

from silicon to iron oxide, from gold to carbon. Among them, nanoparticles 

(NPs) have attracted broad attention due to their potential applications in 

magnetic resonance imaging [1], drug delivery [2] hyperthermia treatment [3] 

and analytical applications [4,5]. As for sample treatment procedures, 

superparamagnetic NPs represent one of the most exciting prospects in 

analytical nanotechnology since they can be easily isolated from the matrix by 
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using an external magnetic field without retaining residual magnetization after 

its removal. The main advantages over traditional solid-phase extraction 

sorbents rely on large surface areas, high extraction efficiencies, and use of 

reduced amounts of sample and toxic organic solvents. 

 The magnetism is nowadays one of the most exciting trends in 

analytical chemistry. Thus, analytical methodologies have started to take 

advantage of recent advances in the development of NPs, hybrid magnetic 

(nano)materials, or magnetic composites, to improve the performance of 

existing methodologies. Magnetic forces offer great advantages in analytical 

applications as magnetic interactions are not influenced by chemical variables 

such as pH, concentration, or surface charges. In addition, they allow 

controlling fluid motion in microsystems, an important advance for 

chromatographic separations in microfluidic systems [6]. These applications 

are especially focused on the development of sensors and biosensors [7,8], 

purification/remediation processes [9,10], separation techniques [11,12], 

sample pretreatment [13,14], and microfluidic technology to develop 

miniaturized total analysis systems [15,16]. The combination of their magnetic 

behavior in nanometric scale (nm) and its utility in miniaturization exhibits a 

synergistic effect which favors its use. Magnetic materials, when scaled down 

to nanosize, show different magnetization behavior than bulk magnetic 

materials [17].  

 Recently, MNPs used as sorbents, have been applied in many fields, 

especially in analytical chemistry. They have been successfully used for the 

preconcentration and removal of some toxic and hazardous pollutants from 

polluted water [18,19], soil [20], and biological [21] samples. Moreover, 

MNPs are also known to be capable of sorption of some biologically active 
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compounds such as protein [22] and DNA [23,24], because of their large 

surface area and unique physical and chemical properties, which have lead to 

interesting developments in the application of nanoscale magnetic separations. 

MNPs could be attached to the desired molecules, conferring magnetic 

properties to the targets, and then allowing their manipulation and 

transportation to a specific location through the control of MNPs by an 

external magnetic field [25]. Ferromagnetic materials are subdivided into areas 

known as domains. In unmagnetized materials, the moments of these domains 

are randomly orientated, but tend to align themselves in the direction of an 

applied magnetic field. Superparamagnetic particles are nanosized particles 

and their spin orientations are affected by thermal fluctuations and are 

magnetized only when exposed to an external magnetic field, but when the 

field is removed, they exhibit no remnant magnetization [26]. Also, MNPs 

present a high surface area that provides further functionalization reactions for 

the desired purposes [25].  

 In general, the chemical properties of the NPs, such as sorption 

capabilities, must be exploited, but also their physical properties, such as 

magnetism, can also be exploited. In both cases, NPs or chemically modified 

NPs are used to perform sample clean-up and the preconcentration of analytes. 

It must be remarked that, compared with traditional systems, the use of NPs 

allows the simplification of the methods, as well as the possibility of 

processing small amounts of samples. In fact, two aspects must be considered: 

(i) the possibility of analysing new sample matrices where the amount of 

sample is a key aspect, and (ii) the analysis of samples using a very small 

amount of sample. 
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 This article is a compilation and a revision of literature on MNPs used 

as a tool for sample preparation, with the aims of highlighting the 

achievements in the development of analytical methods and identifying the 

problems encountered and strategies developed so far. Relevant information 

relating to the preparation and the application of MNPs is presented in Table 

II.1.1. In this respect, more specific information about applications of 

magnetic solids in analytical chemistry can be extracted from the review by 

Aguilar et al. [27]. 

 

III.1.2. Main objectives of the of MNPs in sample preparation 

processes 

 

 There are three key issues that often make sample treatment prior to 

analysis necessary: (i) the physical state of the sample is incompatible with the 

features of the analytical method (e.g., the method requires a liquid sample but 

it is in a solid state); (ii) the sample presents interfering matrix components 

that may give either a false positive or negative reading in the measurement; 

and (iii) the analytes in sample are at too low a concentration to be detected by 

the analytical instrument and a preconcentration step is required. The use of 

MNPs in the sample treatment, in general, helps to simplify the two last cases. 

Thus, MNPs, according to their participation and role in the sample treatment 

step, can be classified in the following groups: 

 

 MNPs acting as sorbent agents. In this case there is a direct interaction 

between the analyte and the NPs. 
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 MNPs acting as an inert support. In this case the use of these NPs help 

to simplify the analytical procedure, and these NPs are functionalized 

with organic or inorganic groups used for the adsorption of target 

analytes. 

 MNPs acting as enhancing agent of signal detection, as for example the 

use of gold NPs as active substrates for surface enhanced raman 

scattering (SERS). 

 

III.1.3. Magnetic behavior of MNPs 

 

 Materials are classified by their response to an externally applied 

magnetic field. Descriptions of orientations of the magnetic moments in a 

material help identify different forms of magnetism observed in nature. Five 

basic types of magnetism can be described: diamagnetism, paramagnetism, 

ferromagnetism, anti-ferromagnetism, and ferrimagnetisms [28]. In the 

presence of an externally applied magnetic field, the atomic current loops 

created by the orbital motion of electrons respond to oppose the applied field. 

All materials displaying this type of weak repulsion to a magnetic field are 

known to present a diamagnetism effect. Diamagnetic materials have a 

negative susceptibility (c < 0) and weakly repel an applied magnetic field (e.g., 

quartz SiO2). Materials whose atomic magnetic moments are uncoupled 

display paramagnetism (Figure III.1.1a); thus, paramagnetic materials have 

moments with no long-range order, and there is a small positive magnetic 

susceptibility (c z 0), e.g., pyrite [29]. Materials that possess ferromagnetism 

have aligned atomic magnetic moments of equal magnitude (Figure III.1.1b), 

and their crystalline structures allow for direct coupling interactions between 
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the moments, which may strongly enhance the flux density (e.g., Fe, Ni, and 

Co). Furthermore, the aligned moments in ferromagnetic materials can confer 

a spontaneous magnetization in the absence of an applied magnetic field. 

Materials that retain permanent magnetization in the absence of an applied 

field are known as hard magnets. Materials having atomic magnetic moments 

of equal magnitude that are arranged in an antiparallel fashion display 

antiferromagnetism (Figure III.1.1c) (e.g., troilite FeS). 

 

 

Figure III.1.1. Magnetization behavior of MNPs under an external magnetic field, (a) 

paramagnetism, (b) ferromagnetism, (c) anti-ferromagnetism, and (d) ferrimagnetism. 

 

The exchange interaction couples the moments in such a way that they are 

antiparallel, therefore, leaving a zero net magnetization. [30] Above the Néel 

temperature, thermal energy is sufficient to cause the equal and oppositely 

aligned atomic moments to randomly fluctuate, leading to a disappearance of 

their long-range order. In this state, the materials exhibit paramagnetic 

behavior. Ferrimagnetism (Figure III.1.1d) is a property exhibited by materials 
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whose atoms or ions tend to assume an ordered but nonparallel arrangement in 

a zero applied field below a Néel temperature (e.g., Fe3O4 and Fe3S4). In the 

usual case, within a magnetic domain, substantial net magnetization results 

from the antiparallel alignment of neighboring nonequivalent sublattices. 

 

III.1.4. Main types of magnetic nanomaterials 

 

 MNPs have many applications in biology and the environment because 

they combine the large surface area of particles, with nanosize dimension, and 

the strong response of the materialsunder an applied magnetic field. Different 

magnetic oxides have been synthesized using several methods such as co-

precipitation method, [31] water-in-oil microemulsions, [32] hydrothermal and 

solvothermal synthesis techniques. [33,34] There are many magnetic materials 

available with a wide range of magnetic properties, such as cobalt and 

chromium, magnetite, or maghemite. The most common of these materials are 

the iron oxides (Fe2O3 and Fe3O4), known for their high magnetic moments 

and biological compatibility, the simplicity of their preparation process, [35] 

and their corresponding ferrites (e.g., MnFe2O4 and CoFe2O4). Metals and 

alloys such asMn3O4, [36] Fe, [37] Co, [38] Ni, [39] FePt, [40] and FePd [41] 

are less commonly employed, in part because of their rapid oxidation in air 

and/or potential of cytotoxicity. Whereas ferrite oxidemagnetite (Fe3O4) is the 

most magnetic of all the naturally occurring minerals on earth, it is widely 

used in the form of superparamagnetic NPs for all sorts of biological 

applications [42,43]. Magnetite was reported to adsorb arsenic ions from 

contaminated water and was used for DNA and cell separation.[44] Magnetite 

NPs were also applied for drug delivery [45]. 
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  Hu et al.[46] employed magnetic Fe2O3 NPs as adsorbent material for 

the removal or recovery of Cr(VI) from wastewater, and the adsorption 

capacity was found to be very high. The authors synthesized several kinds of 

MNPs: [47] CoFe2O4, CuFe2O4, MgFe2O4, MnFe2O4, NiFe2O4, and ZnFe2O4. 

They compared their performances in the removal of Cr(VI), and investigated 

many parameters such as contact time, pH, shaking rate, and magnetic 

properties. The results indicated their adsorption capacities were in the 

following order: MnFe2O4 > MgFe2O4 > ZnFe2O4 > CuFe2O4 > NiFe2O4 > 

CoFe2O4.  

 Liu et al. reported a preparation of humic acid (HA) coated Fe3O4 NPs 

(Fe3O4–HA) by coprecipitation, and used for the removal of toxic Hg(II), 

Pb(II), Cd(II), and Cu(II). The Fe3O4–HA was able to remove over 99% of 

Hg(II) and Pb(II) and over 95% of Cu(II) and Cd(II) in natural and tap water 

[48]. Another application of an unmodified layered magnetic Fe–Fe2O3 

nanoscavenger was for the analytical enrichment and determination of 

subparts per billion concentrations of Cd(II), Pb(II), Ni(II), Cr(VI) and As(V) 

from water samples [49].  

 Due to the importance of magnetism in various stages of analytical 

methods, several combinations of developed nanocomposites containing the 

magnetic and non-magnetic NPs presented in the following sections. 

 

III.1.4.1. Magnetic imprinted nanomaterials 

 

 The molecular imprinting technique consists of the formation of 

ligand-selective recognition sites in synthetic polymers, in which a template is 

employed in order to facilitate the recognition site formation during the 



Analytical Methods, 2013, 5, 4558 

 

151 
 

covalent assembly of the bulk phase by a polymerization or polycondensation 

process. The subsequent removal of some or the entire template is necessary to 

permit recognition taking place in the vacated spaces by the template species. 

This technique has attracted great interest because of its high selectivity (in 

terms of size, shape and functionality) for target molecules [50]. It has been 

successfully applied in several fields, such as sensing, [51] chromatography, 

[52,53] catalysis, [54] and solid-phase extraction (SPE) [55,56]. Molecularly 

imprinted solid-phase extraction (MISPE) has also been extensively applied to 

environmental and biological samples [57,58]. Compared to natural receptors, 

molecularly imprinted polymers (MIP) not only demonstrate comparable 

molecular selectivities, but they are also more robust and reusable, and less 

expensive to prepare [59].  

 The preparation of MMIP has also been reported [59,60]. Zhang et al. 

[60] and Chen et al. [61] applied this material to solid or semisolid samples to 

perform trace analyses of triazines and tetracycline antibiotics, respectively. 

The MMIPs used for trace triazines were prepared by microwave heating, and 

the beads have the morphology shown in Figure III.1.2a, presenting well-

shaped beads with diameter distribution from 80 to 250 mm. Figure III.1.2b 

shows a spherical form of the beads, and the surface of beads was porous and 

rough, which is suitable for rebinding or releasing the target molecules from 

the MMIP beads. From the inset in Figure III.1.2c, the cross section of the 

bead was found with a compact inner structure. The thickness of porous 

structure was less than 5 mm, which allows the molecular transfer so 

extraction equilibrium is reached within a short time. The obtained diameter 

for Fe3O4 was too small (30–50 nm) to be observed. No significant differences 
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of the morphology of the MMIP beads were observed after undergoing more 

than 100 times extraction procedures (Figure II.1.1.2, parts c and d).  

 

 

Figure III.1.2. Micrographs from a scanning electron microscope of MMIP beads at different 

magnifications. The inset of panel c shows the image of cross section (scale bar 10 mm), and panel 

d was after use of more than 100 times. Adapted, with permission from ACS Publications, 2009, ref. 

[60]. 

 

 The advantage of an MMIP is obvious, as described by Zhang et al.: 

[60] “the participation of a magnetic component in the imprinted polymer can 

build a controllable rebinding process and allow magnetic separation to 

replace the centrifugation and filtration step in a convenient and economical 

way”. When MIP particles contain magnetic components, the adsorption can 
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be achieved by dispersing them in solution, and they are then easily separated 

from the matrix by applying an external magnet. Therefore, MISPE with 

magnetic separation allows convenient and highly efficient enrichment and 

avoids the need to pack the SPE column and the time-consuming process of 

loading a large-volume sample. However, an MMIP is yet to be applied to a 

large-volume sample. 

 If some magnetic components are encapsulated into MIPs, the resulting 

MMIP composite polymer, will not only have a magnetically susceptible 

characteristic, but also will have selectivity for the guest molecule. 

Additionally, they exhibited higher recognition selectivity and certain 

magnetic response to external magnetic fields. They were applied in binding 

studies of (S)-propranolol, [62] 2,4-dichlorophenoxyacetic acid,63 

theophylline,  [64] amino acid, [65,66] and ribonuclease A [67]. 

 

III.1.4.2. MNPs based on carbon nanotubes 

 

 Carbon nanotubes (CNTs), a special kind of carbon, were first reported 

by Iijima in 1991 [68]. CNTs can be thought of as cylindrical hollow micro-

crystals of graphite [69]. Because they have relatively large specific area, 

CNTs have attracted researchers interest as a new type of adsorbent and offer 

an attractive option for the removal of organic and inorganic contaminants 

from water. Due to the low magnetic susceptibility of CNTs, their alignment 

by the application of an external magnetic field requires a relatively high 

magnetic field.[70] This drawback could be eliminated by enhancing the 

magnetic susceptibility of carbon nanotubes via the tethering of MNPs onto 

their surface. In zero field, the magnetic moments of the maghemite NPs 
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randomly point in different directions, resulting in a vanishing net 

magnetization.  

 Recently, carbon-protected MNPs have been receiving more attention, 

because carbon-based materials have many advantages over polymers or silica, 

such as much higher chemical and thermal stability as well as 

biocompatibility. Magnetic CNTs (MCNTs) composites are hybrids of 

magnetite (Fe3O4) and/or maghemite (g-Fe2O3) with single-walled (SWCNTs) 

or multiwalled CNTs (MWCNTs) [71]. Although maghemite–CNT 

nanohybrid materials have not been studied as extensively as magnetite–CNT 

nanohybrid materials, with the exception of a few examples [72,73], these 

composites combine the unique optical, electrical, and mechanical properties 

of CNTs with the paramagnetic or ferromagnetic properties of MNPs at room 

temperature. This fact has enabled their use as tips for magnetic force 

microscopes, separators in wastewater treatment, biosensors, drug delivery 

systems, and biomanipulators. These hybrid NPs have been obtained with a 

variety of synthetic methods [71,74].  

 CNTs were used as a guest matrix to be coated with iron oxide NPs by 

using the polymer wrapping and layer-by-layer assembly techniques [75]. 

Using poly(sodium 4-styrene sulfonate) (PSS) as a wrapping polymer, 

remarkably stable aqueous dispersions of MWNTs are produced. Because of 

the high density of sulfonate groups on the negatively charged polyelectrolyte 

PSS, it acts as a primer on the CNTs surface for the subsequent, homogeneous 

adsorption, through electrostatic interactions of the cationic polyelectrolyte 

poly(dimethyldiallylammonium chloride) (PDDA), which in turn provides a 

homogeneous distribution of positive charges. These positive charges ensure 

the efficient adsorption of negatively charged MNPs onto the surface of CNTs 
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by means of electrostatic interactions. It was demonstrated that the magnetized 

CNTs can form aligned chains in relatively small external magnetic fields, and 

would be excellent candidates to be used as building blocks for the fabrication 

of novel composite materials with a preferential orientation of the MCNTs 

(Figure III.1.3).  

 

 

Figure III.1.3. (a) Schematic illustration of the experimental process for the deposition of MNPs 

based on polymer wrapping (1) and LbL assembly (2 and 3). (b) Schematic illustration of the 

alignment of Fe3O4/g-Fe2O3-coated CNTs under an external magnetic field. Adapted, with 

permission, from ACS Publications, 2005, ref. [75]. 

 

 Mattia et al. described a preparation of MNPs embedded into CNT 

walls [76]. Correa-Duarte et al. produced a CNT-based magnetic material 

through a polymer wrapping and layer by layer assembly technique [75]. 

Georgakilas et al. attached MNPs to CNTs via a carboxylic derivative of 

pyrene immobilized on the surface of the nanotubes [77]. A hydrothermal 
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approach to decorating CNT surfaces with magnetic beads utilizing reduction 

of iron chloride (III) with ethylene glycol, was reported by Jia et al. [78].   

 Wan et al. [79] decorated CNTs with MNPs in liquid polyols. As a 

result, these NPs could have significant potential for application in the fields 

of sensors. Sun et al. [72] decorated MWCNTs with maghemite via the 

pyrolysis of ferrocene at different temperatures. This product is expected to 

provide an efficient way for the large-scale fabrication of MCNT composites. 

Youn et al. [73] decorated SWCNTs with iron oxide NPs along the nanotube 

via a magneto-evaporation method. The nanotubes were aligned vertically on 

indium tin oxide (ITO) surfaces, suggesting the possibility of rendering this 

process adequate and cost-effective for mass production. The method 

described in this work consisted of the use of an iron–oleate complex, oleic 

acid, and truncated SWCNTs to create iron oxide NPs. Korneva et al. [74] 

described a simple and versatile technique to produce magnetic tubes by filling 

CNTs with paramagnetic iron oxide (~10 nm diameter). The authors used 

commercial ferrofluids to fill CNTs with an average outer diameter of 300 nm 

made via chemical vapor deposition into alumina membranes. 

 Wang et al. synthesized trypsin-immobilized polyanilinecoated Fe3O4–

CNT composite, which was used for the digestion and peptide mapping of 

bovine serum albumin (BSA), myoglobin, and lysozyme [80]. Another 

magnetic nanocomposite of MWCNTs decorated with spinel ferrite NiFe2O4, 

using citrate sol–gel method, as new catalyst for voltammetric determination 

of cefixime. The detection limit (LOD) was found to be 0.02 mmol L
-1

 

cefixime [81].  

 The encapsulation of magnetic metals inside SWNTs or MWCNTs has 

experimentally been carried out in the past few years and it has motivated 
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many theoretical studies [82–84]. Cleuziou et al.[82] reported the strong 

sensitivity of SWNTs in transport properties to the magnetization reversal of 

separated encapsulated clusters of cobalt. These authors demonstrated that 

cobalt NPs preserve their magnetic properties when encapsulated in SWNTs, 

with unusual enhanced surface magnetic anisotropy causing the magnetization 

to be perpendicular to the host nanotube axis. Other works reported the 

synthesis of different types of carbon coated to MNPs, such as the synthesis of 

carbon-encapsulated Fe NPs by a two-step procedure method of hydrothermal 

and subsequent thermal reduction process [83], or the synthesis of graphene-

based Fe3O4 MNPs (G-Fe3O4 MNPs) and used as the adsorbent for the 

magnetic SPE (MSPE) of some triazine herbicides (atrazine, prometon, 

propazine and prometryn) in environmental water samples [84]. 

 Other carbon-nanocomposite structures were described by Hsiao et al. 

who reported the application of octadecyl (C18) functionalized Fe3O4 

nanoparticles to specifically trap phosphopeptides and nonphosphorylated 

peptides [85]. Another work of Lungu et al. [86] reported the synthesis of NPs 

of iron oxide embedded in C60 matrices by co-evaporation of iron and C60-

fullerene in a partial oxygen atmosphere. C60 molecules in the neighborhood 

of the iron oxide nanoclusters transfer charge to the oxide, and the charge 

deficit fully delocalizes onto the fullerene molecules. The iron oxide 

nanoclusters contain both hematite and magnetite, in comparable proportions. 

 

III.1.4.3. Noble metal–MNPs hybrids 

 

 Several research groups have already reported different production 

procedures of bimetallic nanoparticles of noble metal–MNPs type. A large 
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portion of the studies focus on Fe–Au core–shell NPs [87–89]. The 

combination of either iron or iron oxide core and gold shell is specifically 

appealing because gold is a noble metal and provides an established platform 

for surface functionalization [89,90]. Additionally, the shell provides 

protection against oxidation and helps to maintain long-term stability of the 

particles [88,89]. Stoeva et al. have used silica with MNPs to form a 

composite structure, using Fe3O4 and gold as the inner and outer shells, 

respectively [91]. As illustrated in Figure III.1.4, this approach utilizes the 

charge difference between amino-modified SiO2 (positively charged) particles 

as templates for the assembly of 15 nm superparamagnetic water-soluble 

Fe3O4 NPs (negatively charged). The SiO2–Fe3O4 particles electrostatically 

attract 1–3 nm gold-NP seeds, upon HAuCl4 reduction, that act in a 

subsequent step as nucleation sites for the formation of a continuous gold shell 

around the SiO2–Fe3O4 particles. With the combination of noble metals and 

magnetic materials, SERS signals of some molecules can be obtained [92,93]. 

For example, Bao et al. [94] used hydrazine hydrate as reducing agent 

synthesized Au–Co and Au–Ni NPs by Au seed-mediated chemical reduction 

method. They found that the as-synthesized Au–Co and Au–Ni NPs show high 

SERS activities due to long-range effect of electromagnetic field of the Au 

core when using pyridine as probe molecule [94]. Lim et al. synthesized 

decanethiolcapped iron oxide-Au NPs and transferred them to water by ligand 

exchange using mercaptoundecanoic acid. They demonstrated that the Au-

magnetic oxide NPs were efficient SERS substrate for the detection of 11-

mercaptobenzoic acid as bio-functional nanoprobes [92]. 
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Figure III.1.4. Top: preparation of three-layer MNPs. Bottom: TEM images of colloids after each 

synthetic step. (a and b) SiO2 particles covered with silica-primed Fe3O4 nanoparticles (SiO2–

Fe3O4). (c and d) SiO2 particles covered with silica-primed Fe3O4 nanoparticles and heavily loaded 

with Au nanoparticle seeds (SiO2–Fe3O4–Au seeds). (e) Three-layer MNPs synthesized in a single-

step process from the particles in (c) and (d). Note the uniformity of the gold shell. The inset (right) 

shows the threelayer MNPs drawn to the wall with a magnet. Reproduced with permission, from 

ACS Publications, 2005, ref. [91]. 

 

The combination of noble metal and magnetic materials had great potential in 

SERS application. Meanwhile, significant efforts have been focused on 
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designing new synthetic protocols which demand effective reduction of metal 

salts and provide a robust coating on the NPs. Since the oleylamine was used 

as a mild reducing agent to synthesize Au nanowires, [95,96] alkylamine has 

taken full advantage of their multifunctional (reducing and capping) 

characteristics to synthesize noble metal NPs, [97] nanowires, [98] metal 

oxide NPs, [99] and MNPs [100]. More recently, Hou et al. reported a 

chemical synthesis of Au and Ag NPs in the 1-hexadecylamine solution [101]. 

It is known that 1-hexadecylamine acts as an alternative reducing agent, which 

is effective and inexpensive compared with oleylamine that was used 

previously in noble metal and MNPs synthesis [97,100]. 

A wet chemical route to synthesize Ni–Au and Ni–Ag hybrid MNPs using 1-

hexadecylamine as both reducing agent and stabilizer to synthesize Ni NPs in 

octadecene solvent medium was described. The synthesized Ni NPscan be 

used as seeds for the growth of Au or Ag shells. The obtained Ni–Au and Ni–

Ag NPs was used as substrates for SERS measurement. High-quality SERS 

spectra of rhodamine 6G can be detected by them. The synthesis strategy is 

simple and the obtained samples have great potential for high sensitive optical 

detection. 

 Dumbbell-like Au–Fe3O4 NPs are synthesized using decomposition of 

Fe(CO)5 on the surface of the Au NPs followed by oxidation in 1-octadecene 

solvent. The size of the particles is tuned from 2 to 8 nm for Au and 4 nm to 

20 nm for Fe3O4. The particles show the characteristic surface plasmon 

absorption of Au and the magnetic properties of Fe3O4 that are affected by the 

interactions between Au and Fe3O4 [102]. Furthermore, it has been reported a 

sequential synthesis method to produce gold-coated iron oxide (Fe2O3 and 

Fe3O4) core–shell NPs (Fe oxide–Au) by the reduction and deposition of gold 
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onto presynthesized iron oxide NPs. The obtained Fe oxide–Au NPs exhibited 

controllable sizes ranging from 5 to 100 nm and high monodispersity. They 

were shown to be viable for exploiting the Au surface protein-binding 

reactivity for bioassay and the Fe oxide core magnetism for magnetic 

bioseparation [103].  

 Au-coated MNPs was used as a carrier for the immobilization of hexa-

arginine-tagged esterase (Arg6-esterase). The formation of gold shell on the 

MNPs (Fe2O3) was performed by an iterative reduction method using 

hydroxylamine as a reductant. The surface of the Au-MNPs was further 

functionalized with mercapto-hexadecanoic acid (MHA) to tether the 

positively charged Arg-6-esterase effectively [104]. Fe3O4–Au–Ag NPs were 

synthesized in aqueous solution at room temperature reaction conditions, 

showing controlled plasmonic and magnetic properties [105]. Noble metal–

MNPs composite can be also synthesized with different shapes, using a 

cationic surfactant (cetyltrimethylammonium bromide, CTAB) [106]. In the 

work published by Pazos-Pérez et al. hydrophobic CoPt3 and FePt NPs were 

transferred into water using CTAB as a phase-transfer agent and were 

subsequently used as seeding materials for the reduction of gold and silver 

precursors to produce Au–CoPt3, Ag–CoPt3, and Au–FePt nanocomposites 

[106].  

 Monodisperse Fe–Ag core–shell NPs, with relatively uniform Fe cores 

and Ag shells, have been fabricated by a seed mediated method in a two-step 

reducing process. The results demonstrate unique optical and magnetic 

properties for Fe–Ag core–shell NPs [107]. 
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III.1.4.4. Quantum dot-MNPs hybrids 

 

 Quantum dots (QDs), a special semiconductor nanocluster, have 

received much attention owing to their new optical and chemical properties, 

such as large stokes shifts, high brightness and photochemical stability. During 

the past two decades, many studies in this area have focused on the 

development of new methods to synthesize high-quality QDs with high 

luminescence quantum yield, excellent photo-stability and good 

biocompatibility [108,109]. Nowadays, QDs have been actively studied for 

bioimaging applications due to their excellent optical properties such as 

narrow emission bands, continuous broad absorption band, and high resistance 

to photo bleaching in comparison with organic dyes [110]. Therefore, great 

efforts have been made to incorporate MNPs and QDs instead of organic dyes 

in synthesizing magnetic and fluorescent nanocomposites [111].  

A layer-by-layer (LbL) approach has been developed to prepare water soluble 

magnetic luminescent nanocomposites by using Fe3O4 as a core and QDs as a 

shell [112]. The LbL approach was based on the electrostatic attraction 

between the modified magnetic cores and QDs, and the distance between 

Fe3O4 and QDs could be controlled by the LbL approach in order to prevent 

the quenching effect of Fe3O4 [113]. Some researchers presented seeded 

growth methods to synthesize more stable magnetic fluorescent 

multifunctional nanoarchitectures [114,115]. For instance, in 2007, Fe3O4 

nanowires decorated by CdTe were synthesized by using ethylenediamine as a 

template [116]. Additional works described the preparation of embedded 

MNPs and QDs into one silica shell, however, the resultant nanocomposite 

particles were larger (usually 70–200 nm), and the reagents such as 
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polyelectrolytes used in the preparation were expensive [117]. Based on the 

posterior studies, a new kind of magnetic fluorescent multifunctional 

nanocomposite was developed, where multiple fluorescent CdTe QDs are 

covalently linked to and assembled around individual silicacoated 

superparamagnetic Fe3O4 NPs and active carboxylic groups are presented on 

the surface for easy bioconjugation with biomolecules. The carboxyl groups 

presented on their surface were chemically reactive and available for 

bioconjugation with proteins such as antibodies. Furthermore, the antibody-

functionalized nanocomposites were applied to label HeLa cells for 

fluorescent imaging.[118] Dumbbell-like CdS–FePt NPs have been 

synthesized and show interesting optical properties in CdS and magnetic 

properties in FePt [119]. 

 Lin et al.[120] prepared bi-functional magnetic QDs (MQDs) by seed 

mediated growth in the presence of organic surfactant. The synthesized MQDs 

were coated with a thin silica shell, and functionalized with a polyethylene 

glycol derivative. Finally, their potential applications were demonstrated by 

their use for labeling live cell membranes of 4T1 mouse breast cancer cells 

and HepG2 human liver cancer cells. 

 In fabricating MQDs, CdSe QDs were grown on g-Fe2O3 magnetic 

cores (scheme in Figure III.1.5a). The addition of methanol destabilized the 

growth solution and caused the precipitation of particles. The particles were 

harvested by a magnet, leaving behind a colorless supernatant. Figure III.1.5b–

d shows the fluorescence (excitation wavelength at 365 nm) and magnetic 

properties of the harvested particles. The HRTEM images (Figure III.1.5e and 

f) indicated that the g-Fe2O3–CdSe particles synthesized at short growth times 
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(1–2 min) were assembled as heterodimers. The fusing of the crystal lattices of 

g-Fe2O3 magnetic particle and CdSe QD in the heterodimers was clearly seen. 

 

 

Figure III.1.5. (a) Scheme of the formation of g-Fe2O3–CdSe MQDs; (b–d) photographs showing 

the fluorescence and magnetic properties of MQDs after magnetic harvesting and excitation at 365 

nm, and (e and f) HRTEM images of g-Fe2O3–CdSe MQD dimers (11–14 nm). Reproduced with 

permission from ACS Publications, 2010, ref. [118]. 

 

III.1.4.5. Silica-coated magnetic nanoparticles 
 

 Silica gel is an ideal support for SPE because it is stable under acidic 

conditions, does not swell, has high mass exchange, and shows very high 
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thermal resistance [121]. Silica-functionalized magnetic materials have several 

advantages including stability under aqueous conditions, easy surface 

modification, and easy control of interparticle interactions [122]. In recent 

years, silica coated magnetic materials have been widely used in the extraction 

of diverse analytes from various samples. Silica has been considered as one of 

the most ideal materials for protecting Fe3O4. It is anticipated that 

incorporating silica coating on a magnetic core could attain the advantage of 

silica without sacrificing the unique magnetization characteristics of Fe3O4. 

Specifically, the inner magnetic Fe3O4 core endues the NPs with magnetic 

properties, while the outer silica shell shows high chemical stability and 

biocompatibility.  

 A variety of works reported the formation of magnetite–silica 

composite NPs [123–125]. Zhao et al. [124] reported the fabrication of 

magnetic mesoporous core–shell nanomaterials of spherical morphology. Kim 

et al. [126] synthesized magnetite nanocrystals embedded in mesoporous silica 

spheres. Correa-Duarte et al. [127] assembled silica-coated MNPs by using a 

layer by layer self-assembly technique. However, most of the research works 

focus on the preparation of silica-coated MNPs, but there is a lack of 

publications about its application in the environmental monitoring field. 

 MNPs embedded in a silica matrix can screen the magnetic dipolar 

interactions between MNPs, which favor the dispersion of MNPs in liquid 

media and protect them from leaching in an acidic environment. Moreover, 

silica coating endows the MNPs with easily modifiable surface, which can be 

used to graft various desirable functional groups. A novel extraction and 

enrichment technique based on superparamagnetic high magnetization C18-

functionalized magnetic silica NPs (C18-MNPs) as sorbents was developed for 
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the determination of methylprednisolone (MP) in rat plasma. The synthesized 

silica coated magnetite modified with chlorodimethyl-noctadecylsilane was 

about 320 nm in diameter with strong magnetism and high surface area. It 

provided an efficient way for extraction and concentration of MP in the 

samples through hydrophobic interaction by the interior C18 groups [128]. 

Feng's group immobilized two-dimensional planar graphene sheets by simple 

adsorption onto silica-coated magnetic microspheres (Fe3O4–SiO2) to prepare 

Fe3O4–SiO2–graphene and applied it for the extraction of sulfonamide 

antibiotics from environmental water samples [129]. 

 

III.1.4.6. Surfactant-modified magnetic material 

 

 Ionic surfactants can be adsorbed on the mineral oxides (e.g., alumina, 

silica, titanium dioxide, and ferric oxyhydroxides) producing hemimicelles 

and admicelles, which were recently used as novel sorbents for SPE with good 

performance. [130,131] When the head group adsorbs oppositely charged 

MNPs, and the hydrocarbon tail-groups protrude into the solution, 

characterized hemimicelles were formed. After saturation of the MNPs 

surface, the tails of surfactant hydrocarbon chains formed the admicelles by 

the hydrophobic interaction between each other. 

 It is possible for both hemimicelles and admicelles to be formed 

simultaneously on the surface of MNPs. This phase is called mixed 

hemimicelles (Figure III.1.6), and the adsorption is driven by both 

hydrophobic interactions and electrostatic attraction. 
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Figure III.1.6. Adsorption of ionic surfactants on the surface of Fe3O4 NPs. The arrows indicate an 

increase in the surfactant concentration. 

 

The obtained material exhibits, therefore, a high extraction efficiency to 

different compounds due to the dual functions of the hydrocarbon tail-groups 

and the positively charged hydrophilic heads. This fact provides different 

mechanisms for retention of analytes. 

 Recently, a new SPE method based on mixed hemimicelles 

(hemimicelles and admicelles) (MHSPE) has been proposed for the 

preconcentration of a variety of organic pollutants from complex 

environmental matrices. [132,133] In this method, the sorbents used are 

produced by adsorbing ionic surfactants onto the surface of metal oxides, such 

as sodium dodecyl sulfate (SDS)-coated alumina [132,134,135] or CTAB-

coated silica [133,136,137]. Among those modification methods, hemimicelles 

and admicelles, which are formed by the adsorption of ionic surfactants on 

MNPs, have been proven to be excellent sorbents for the SPE of different 

compounds such as organic ones [138,139]. Some of the benefits obtained 

with the use of those sorbents are high extraction efficiency, low cost, 

excellent versatility and wide applicability. Furthermore, one feature of this 
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modification method is that the outer surface of hemimicelles is hydrophobic 

whereas that of admicelles is ionic, which provides different mechanisms for 

retention of organics. If one combines the advantages of mixed hemimicelles 

and magnetic–silica NPs to fabricate nanosized SPE adsorbents with high 

surface area, high chemical stability and good magnetic separability, a new 

kind of mixed hemimicelle nanosized SPE sorbent can be obtained. These new 

materials were used in several analytical methods. 

 

III.1.5. Analytical applications of magnetic nanoparticles 

 

 Table III.1.1 presents some examples of the application of different 

magnetic nanomaterials for the extraction of some analytes. These applications 

are classified following the types of nanomaterials reported in Section III.1.4. 

 

Table III.1.1. Selected examples of magnetic nanomaterials used in sample treatments.  
 

Magnetic material Amount 

of MNPs 

(mg) 

Analyte Sample 

volume 

(mL) 

LOD  

(ng L
-1)

 

Ref 

MMIP 100  Fluoroquinolones  500 3.2-6.2 [140] 

MMIP 50 Bisphenol A 200 14
 

[141] 

CTAB and CPC-coated 

Fe3O4 

100 Phenolic 

compounds 

800 12-34 [145] 

CTAB-coated Fe3O4 100 Chlorophenols 700 110-150 [146] 

CTAB-coated Fe3O4 100 Sulfonamides 500 24-33 [149] 

SDS-coated Fe3O4 100 Mercury 1000 40 [150] 

γ-Fe2O3modified with 

SDS 

100 Malachite green 

and Leuco-

malachite green 

100 280 [151] 

CPC-coated Silica-

Fe3O4 

100 Phenolic 

compounds 

800 7-20
 

[152] 

Alumina-coated Fe3O4 

modified by SDS 

100 Trimethoprim 500 90
 

[153] 

Tetradecanoate-coated 

Fe3O4 

200 PAHs 350 0.1-0.25 [156] 
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Table III.1.1. (continuation). 

Magnetic material Amount 

of MNPs 

(mg) 

Analyte Sample 

volume 

(mL) 

LOD  

(ng L
-1)

 

Ref 

Silica-coated Fe3O4 

modified by CTAB 

50 Xanthohumol 120 600 [154] 

Grephene coated Fe3O4 

modified by CTAB or 

SDS 

1 PFASs, APHs, 

ATAs 

200 0.15-0.50   

PFASs 

1.4-8.0
 
 
 

ATAs 

[155] 

C18-functionalized 

magnetic silica 

1 Ergosterol 1 10000
 

[157] 

C18-functionalized 

magnetic silica 

0.8 Methylprednisolone 0.5 10000 [158] 

Silica-coated Fe3O4 

functionalized with γ-

MPTMS 

50 Cd
2+

, Cu
2+

, Hg
2+

 

and Pb
2+

 

250 0.024-

0.107
 

[161] 

Silica-coated Fe3O4 

functionalized with 

Bismuthiol 

100 Cr
3+

, Cu
2+

 and Pb
2+

 100 43–85 [162] 

Magnetic silica-coated-

MWCNTs-OH 

100 Estrogens 10 <200 [164] 

Fe3O4-modified with 

polydimethylsiloxane-

MWCNT 

10  Fluoroquinolones 10 240-480 [168] 

silver-coated Fe3O4 50  PAHs 100 20-100 [172] 

 

III.1.5.1. Analytical applications involving MMIPs 

 

 Chen et al. developed a simple method based on magnetic separation 

for selective extraction of fluoroquinolones from environmental water samples 

using MMIP as sorbent [140]. The magnetic polymers were prepared using 

ciprofloxacin as template molecule, methacrylic acid as functional monomer, 

ethylene-glycol dimethacrylate as cross-linking agent and Fe3O4 magnetite as 

magnetic component. The prepared nanomaterial allowed the selective 

extraction of the analytes in a short period of time and with LOD 

concentration at ng L
-1

. 
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 Ji et al. synthesized magnetic MIP microspheres with a porous 

structure and the desired level of magnetic susceptibility by miniemulsion 

polymerization [141]. These microspheres were successfully used to extract 

bisphenol A from environmental water and milk samples. The magnetic 

method provided convenient, economical and highly efficient extraction. The 

sorbent can also be recycled easily by rinsing with methanol. The developed 

method exhibited good results with high recoveries.  

Zhang et al. [142] prepared MMIP beads of atrazine (template molecule) by 

suspension polymerization applying microwave heating. The term of the 

polymerization was dramatically shortened by using microwave heating in 

polymerization, which was less than 1/10 that by conventional heating. It was 

demonstrated that MMIP beads presented a narrow diameter distribution (80–

250 mm) and cross-linking, spherical shape, and porous morphologies. The 

developed MMIP beads were used for the extraction of the triazines in spiked 

soil, soybean, lettuce, and millet samples.  

 MMIP were also used for the extraction of tetracycline antibiotics. 

They were prepared using hydrophobic Fe3O4 magnetite as the magnetically 

susceptible component, oxytetracycline as template molecule, methacrylic acid 

as functional monomer, and styrene and divinylbenzene as polymeric matrix 

components. The recoveries, ranging from 72.8% to 96.5%, were obtained 

with relative standard deviations (RSD) in the range of 2.9–12.3%, and LOD 

was less than 0.2 ng g
-1 

[143]. Recently, our group described the preparation of 

MMIP–dopamine (DA), used for selective extraction and determination of 

catecholamines (CLs) in urine samples. The studies of recognition properties 

have demonstrated high adsorption capacity and selectivity of the MMIP 

beads to the DA template molecule. Moreover, the imprints have also shown 
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cross-selectivity for 3-methoxytyramine hydrochloride (M), DL-

normetanephrine hydrochloride (NME), DL-norephinephrine hydrochloride 

(NE) and (±)-epinephrine (E). On the other hand, no interference was observed 

at the migration time of the analytes of interest. The extraction and clean-up 

procedures were carried out in a single step by blending and stirring the 

sample [144].  

 From the previous examples, it can be seen that recognition properties 

of MMIPs were not affected by inclusion of iron oxide as a magnetic material 

and still present important advantages (e.g., stable synthetic polymers at 

extremes of pH and temperature, ease of preparation, low cost, reusability, and 

processing selective molecular recognition sites controlled by magnetic 

susceptibility), avoiding the large time consuming elution involved in 

traditional SPE procedures. 

 

III.1.5.2. Analytical applications involving assembled nanocomposites of 

MNPs with surfactants 

 

 Magnetic MHSPE (MMHSPE) based on CTAB-coated Fe3O4 was 

investigated for preconcentration of phenolic compounds [145,146] in 

environmental water samples. In the absence of CTAB, analytes were hardly 

adsorbed on the surface of magnetite. However, the percentage of adsorbed 

analytes increased remarkably with the addition of CTAB, because 

hemimicelles were formed when cationic surfactant CTAB was adsorbed onto 

the negatively charged surface of Fe3O4 at the pH of 9.5 or 9.0 through 

electrostatic interaction, while the hydrocarbon-tail groups protruded into the 

solution. CTAB-coated Fe3O4 was used for separation (removal), 
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preconcentration and determination of picric acid [147]. CTAB can form a 

stable ion pair with picrate anion [148]. 

 Sun et al. proposed MMHSPE based on the adsorption of cation-

surfactant octadecyltrimethylammonium bromide (OTAB) onto magnetite 

NPs, and it was used with good recoveries for the preconcentration of 

sulfonamides from environmental water samples [149]. MSPE adsorbent 

based on MNPs coated with SDS was used for the extraction of mercury(II), 

[150] malachite green and leuco-malachite green [151] from water samples. 

Anionic surfactant was adsorbed onto the surface of Fe3O4 (positively 

charged) at the pH of 3.0 to form hemicelles. Afterward the admicelles were 

then also formed with SDS increasing. Hydrophobic and electrostatic 

interactions were involved in this system. Mercury, as mercury-Michler's 

thioketone [Hg2(TMK)4]
2+

 complex, was adsorbed by the SDS-coated 

magnetite NPs [150]. Low LODs, preconcentration factor, and RSDs obtained 

with the proposed method were very high. However, oxidation of pure Fe3O4 

NPs was produced and their magnetismwas lost when pH was below 4.0. 

Thus, to draw back this convenient magnetite NP was firstly coated with silica 

[152] or alumina, [153] and modified by the surfactants to formmixed 

hemimicelles. The modified materials were applied as an effective sorbent for 

preconcentration of several typical phenolic compounds [152] and 

trimethoprim [153] from environmental water samples. 

 Mixed hemimicelles based silica-coated MNPs were modified by 

CTAB and applied in extraction and concentration of the xanthohumol from 

beer samples. Under optimized conditions, the concentration factor of 60 was 

obtained for the target analyte and the low detection limit was reached. No 
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interferences from the endogenous components of the beer samples were 

observed [154]. 

 Liu et al. synthesized superparamagnetic NPs-decorated graphene 

sheets [155]. These magnetic nanomaterials were used as supports for 

hemimicelles/admicelles for SPE of different compounds from environmental 

water samples. In cationic mode, CTAB was used as micelle forming reagent, 

and perfluoroalkyl and polyfluoroalkyl substances (POFSs) and alkylphenols 

(APHs) were used as model analytes. In anionic mode, SDS was used as 

micelle-forming reagent and alkyltrimethylammonium salts (ATASs) were 

selected as analytes. The main disadvantages of these sorbents arise from 

disruption of surfactant aggregates during analyte elution. This fact produces 

extracts containing high surfactant concentrations that may suppress ionization 

in mass spectrometry (MS) or interfere with MS, UV, or fluorescence 

detection. In addition, the extracts are incompatible with separation techniques 

such as GC and CE. On the other hand, hemimicelles/admicelles are 

preferentially used in cartridge format, which results in slow extraction and 

low breakthrough volumes despite their widespread use in SPE. To solve these 

problems, Ballesteros-Gómez and Rubio prepared and evaluated a new 

surfactant-mineral oxide sorbent (viz alkyl carboxylate–magnetite mixture). In 

this case, alkyl carboxylates were chemisorbed on the MNPs, obtaining 

surfactant free extracts, different to conventional hemimicellar sorbents 

generated by electrostatic interactions. The usefulness of the prepared MNPs 

coated with hemimicelles of alkyl (C10–C18) carboxylates was proven by the 

extraction of carcinogenic polycyclic aromatic hydrocarbons (PAHs) from 

environmental water samples prior to analysis by LC. The LODs obtained 

were in 0.1–0.25 ng L
-1

 range [156]. Both hemimicelles and admicelles 



Use of NMs as analytical tools for sample preparation in measurement processes 

 

174 
 

synthesized in this way provide surfactant-free extracts, which opens up 

interesting prospects for their use in LC-MS, GC, and CE in combination with 

various detector types. 

 

III.1.5.3. Analytical applications involving silica coated MNPs 

 

 C18-functionalized magnetic silica NPs coupled with microwave-

assisted derivatization was applied to the analysis of ergosterol in normal and 

mildewy cigarettes. Due to the high surface area and strong magnetism of the 

functionalized MNPs, ergosterol was extracted and efficiently concentrated 

[157]. This nanocomposite was also used as sorbent for enrichment and 

determination of methylprednisolone in rat plasma by high performance liquid 

chromatography (HPLC) [158]. 

 Bouri et al. [159] used a magnetic material based on N-

methylimidazolium ionic liquid (ILs) and Fe3O4 MNPs incorporated in a silica 

matrix to extract and preconcentrate sulfonylurea herbicides (SUHs), such as 

thifensulfuron methyl, metsulfuron methyl, triasulfuron, tribenuron methyl and 

primisulfuron methyl from polluted water samples. It was reported that 

hydrophobic interaction became predominant as the five SUHs were absorbed 

by the ionic liquid magnetic sorbent at pH of 5. The results obtained allow 

concluding that the ILs-MNPs can be a very suitable alternative for the clean-

up and the preconcentration of pesticide residue analyses. 

 Martínez et al. [160] reported in-tube solid phase microextraction 

approach, named magnetic in-tube solid phase microextraction (magnetic-IT-

SPME). This system was developed, taking advantage of magnetic 

microfluidic principles with the aim to improve the extraction efficiencies of 
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acetylsalicylic acid, atenolol, acetaminophen, diclofenac, and ibuprofen, 

yielding to extraction capacities between 70 and 100%, which are much higher 

than those reached using an IT-SPME approach (in the range of 10–30%). 

 Huang and Hu synthesized silica-coated Fe3O4 NPs, afterwards 

modified with 3-mercaptopropyltrimethoxysilane (MPTMS). [161] These 

kinds of NPs contain thiol groups, and hence, selective extraction of Cd
2+

, 

Cu
2+

, Hg
2+

, and Pb
2+ 

was achieved through the formation of the metal ion–

thiol complexes. The adsorbed metal ions on the NP surface were liberated 

upon the addition of a solution containing 1 M HCl and 2% thiourea. Under 

the optimal conditions, the LODs for Cd
2+

, Cu
2+

, Hg
2+

, and Pb
2+ 

were as low 

as 24, 92, 107, and 56 pg L
-1

. Suleiman et al. [162] employed magnetic silica 

sorbent of bismuthiol–II–immobilized MNPs, prepared by the sol–gel method, 

for the MSPE of trace Cr, Cu and Pb from environmental water. These works 

have demonstrated the improvement of MNPs properties when modified with 

silica, which can make it easy to functionalize their surfaces. Unfortunately, 

these materials are instable under basic pH values. Therefore, it was necessary 

for more amelioration to improve their stability in alkaline mediums. 

 

III.1.5.4. Analytical applications involving MCNTs 

 

 Song et al. described a sensor to determine Cu
2+

 ions with magnetic 

silica NPs attached to MWCNT using click chemistry [163]. In this work, the 

authors proposed a hybrid nanomaterial that presented peroxidase-like color 

activity. Magnetic silica particles coated with hydroxy-terminated MWCNTs 

(MWCNTs-OH) were prepared by sol–gel technology, characterized and used 
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for the rapid and efficient extraction of several estrogens (including 

diethylstilbestrol, estrone and estriol) in water [164]. 

 The synthesis of magnetic MWCNTs (MMWCNTs) allowed the 

simplification of sample treatment and incorporated new properties of the 

formed nanocomposite. These nanomaterials were used for the extraction and 

preconcentration of several compounds, such as fluoroquinolones [165], and 

phthalate acid esters [166]. Peng et al. [167] reported the preparation of 

CNTs–iron oxide magnetic composites and its use for removing Pb(II) and 

Cu(II) from water. After adsorption step, the adsorbent can be separated from 

the medium by a simple magnetic process and a recovery rate of above 98% 

has been achieved. The adsorption capacities for Pb(II) and Cu(II) in the 

concentration range studied at pH 5.0 reach 0.51 and 0.71 mmol g
-1

, 

respectively. Xu et al. [168] prepared surface functionalized magnetic particles 

with polydimethylsiloxane and MWCNT in a two step reaction. The 

MMWCNTs were applied to MSPE of the fluoroquinolones ofloxacin, 

norfloxacin, ciprofloxacin, and enrofloxacin prior to their determination by 

capillary liquid chromatography. MMWCNTs showed also an antimicrobial 

activity to bacterial cells (Escherichia coli), while the magnetic nanotubes are 

biocompatible even with a higher concentration than that of MWCNTs [169]. 

 The tubular shape and large surface formed by covalently bonded 

carbon atoms of CNTs make them among the excellent materials, thanks to 

their high adsorption and affinity for several analytes. Therefore, in addition to 

the other advantages of the use of MNPs, this feature can be of interest for 

developing new analytical methods. 
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III.1.5.5. Analytical applications involving noble metals in combination 

with magnetic materials 

 

 This combination was used for improving the SERS signals for some 

molecules. For example, Lim and co-workers found that Au-magnetic oxide 

NPs were efficient SERS substrate for the detection of 11-mercaptobenzoic 

acid [92]. Kim et al. reported that the SERS spectra of a few compounds of 

biological significance were successfully obtained by using Ag–Fe2O3 NPs as 

substrate [170]. They illustrated that the core–shell composite based upon 

magnetic oxide and noble metal NPs had a lot of potential in SERS analysis of 

organic species. 

 Hou et al. [171] described the preparation of Ni–Au and Ni–Ag hybrid 

MNPs via a solution growth method, in which 1-hexadecylamine is used and it 

can act as both reducing agent and stabilizer during the synthetic process. It 

can be applied as new active substrates for SERS. SERS spectra of rhodamine 

6G can be obtained on the Ni–Au, Ni–Ag NPs modified substrates, which 

indicate that they have a great potential for application in detective devices for 

molecule recognition and signal amplification with high sensitivity and 

selectivity [171]. Tahmasebi and Yamini [172] reported a novel sorbent based 

on silver-coated Fe3O4, which showed a high thermal stability, prepared by 

self assembling of organosulfur compound (bis-(2,4,4-trimethylpentyl)- 

dithiophosphinic acid), onto the silver-coated Fe3O4 NPs, and used for 

extraction of five PAHs from tap water, hookah water, and soil samples. The 

LODs were obtained in the 0.02– 0.10 mg L
-1

 range. Stoeva et al. [91] 

synthesized three-layer NPs ca. 
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200 nm in diameter containing an Fe2O3 layer between a SiO2 core and an 

outer gold shell in a two phase process. Once in the aqueous phase, the 

particles were functionalized with oligonucleotides and shown to reversibly 

bind via DNA hybridization.  

 Fe3O4–Au NPs was used by Qiu et al. as a dopamine sensor, fabricated 

by forming the 6-ferrocenylhexanethiol (HS(CH2)6Fc) functionalized films on 

the surface of a carbon paste electrode with the aid of a permanent magnet. 

The prepared ferrocenefunctionalized Fe3O4–Au NPs composite shuttled 

electrons between analyte and electrode, increased the mediator loading, and 

more importantly, prevented the leakage of the mediator during measurements, 

which resulted in the substantially enhanced stability and reproducibility of the 

modified electrode. The electrooxidation of dopamine could be catalyzed by 

Fc/Fc
+
 couple as a mediator and had a higher electrochemical response due to 

the unique performance of Fe
3
O

4
–Au NPs. The nanocomposite modified 

electrode exhibited fast response [173].  

 These works demonstrated a synergistic improvement of MNPs 

properties when they were combined with noble metals, adding optical, 

thermal and catalytic properties to the magnetic behavior. 

 

III.1.5.6. Analytical applications involving the synthesis of MNPs 

combined with semiconducting NPs 

 

 An example of the combination of MNPs with QDs was reported by 

Wang et al., [174] who synthesized water-soluble nanocomposite particles 

consisting of a magnetic core (g-Fe2O3) and a shell of luminescent QDs 

(CdSe–ZnS). The material was water soluble, exhibited a high emission 
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quantum yield, and was easily separated from solution by means of a 

permanent magnet. An increase in excited state lifetime ascribed to quenching 

interactions between the MNPs and the luminescent QDs, or between the close 

packed QDs, was observed. The drop in the emission quantum yield could also 

be ascribed to the solvent change and to potential changes in electron density 

on the surface of the QDs caused by their immobilization onto the magnetic 

particles, which might allow electrons to leak to the surface of the dots and to 

the polymer coated magnetic core particle. The utility of this material was 

demonstrated by using it to immobilize anticyclin E antibodies on their surface 

in order to separate MCF-7 breast cancer cells from serum solutions. 

Anticyclin E antibodies bind specifically to cyclin, a protein that is specifically 

expressed on the surface of breast cancer cells. The separated breast cells were 

easily observed by fluorescence imaging microscopy thanks to the strong 

luminescence of the luminescent-magnetic nanocomposite particles. Jie and 

Yuan prepared magnetic electrochemiluminescent (ECL) Fe3O4–CdSe 

composite QDs, the MNPs was applied to sensitive ECL detection of thrombin 

by a multiple DNA cycle amplification strategy [175]. The as-prepared 

composite QDs feature intense ECL, excellent magnetism, strong 

fluorescence, and favorable biocompatibility, which offer promising 

advantages for ECL biosensing. ECL of the composite QDs was efficiently 

quenched by gold NPs. Taking advantage of the unique and attractive ECL 

and magnetic characteristics of the composite QDs, and to assess the 

specificity of the ECL based strategy for thrombin detection, the influences of 

some other proteins such as BSA, IgG, and lysozyme were examined under 

the same experimental conditions investigated by detecting thrombin in a 

human real serum. More important, the DNA devices by cleavage reaction 
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were cycled multiple rounds, which greatly amplified the ECL signal and 

much improve the detection sensitivity. This flexible biosensing system 

exhibits not only high sensitivity and specificity, but also excellent 

performance in real human serum assay. The applicability of this work was 

tested in serum samples, and the recoveries were obtained by comparing the 

measured amounts to that of added human thrombin, which varied from 90.0 

to 104.0%. The composite QDs are suitable for long term fluorescent cellular 

imaging, which also highlights the promising directions for further 

development of QD based in vitro and in vivo imaging materials [175]. 

 With the exception of already mentioned toxicity and their 

photoluminescence fluctuation with the time (blinking) of the MQDs, several 

studies have been developed, trying to circumvent disadvantages and 

showcase their benefits. However, investigations could be advantageously 

extended preferably to the determination of clinical or environmental species. 

 Most of the applications already presented, describe the use of MNPs 

as adsorbent material and their use is not limited to the MSPE, but they can be 

used also in dispersive microsolidphase extraction (D-µ-SPE), and dispersive 

liquid–liquid microextraction (DLLME) among others.  

 Heidari et al.[176] demonstrated the applicability of MNPs in SPME, 

and they described a fiber based on a glass tube coated with ceramic/carbon 

coated Fe3O4 MNPs nanocomposite (C–Fe3O4/C MNP) prepared by the sol–

gel technique. The carbon coated Fe3O4 MNPs were synthesized by a simple 

hydrothermal reaction and the resultant powder was mixed with sol-precursors 

to prepare C–Fe3O4/C MNPs. The fiber surface revealed a three dimensional 

structure which is suitable as SPME adsorbents for the extraction of PAHs. 

The proposed method, based on C–Fe3O4/C MNP fiber, presented low LODs 
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(0.7–50 pg mL
-1

). Other interesting work for the fast extraction and 

determination of PAHs in environmental samples was developed by Shi and 

Lee [177]. These authors used two-step microextraction technique, combining 

DLLME and D-m-SPE. In this D-m-SPE approach, hydrophobic MNPs were 

used to retrieve the extractant of 1-octanol in the DLLME step. Because the 

rapid mass transfer associated with DLLME and D-m-SPE steps, fast 

extraction of PAHs could be achieved. 

 Zhang et al. [178] proposed a novel method combining IL-DLLME 

technique with magnetic retrieval (MR-IL-DLLME). It was used to determine 

five benzoylurea insecticides (BUs) in environmental water samples. This 

procedure was based on the MR of the IL using unmodified MNPs. In this 

experiment, the fine IL droplets formed in aqueous samples functioned as an 

extractant for the extraction of BUs. After the extraction process was 

completed, Fe3O4 MNPs were added as a carrier to retrieve and separate the IL 

from the sample solution. The method demonstrated very good sensitivity for 

the detection of BUs (hexaflumuron; triflumuron; teflubenzuron; 

flufenoxuron; chlorfluazuron), with LOD values in the 0.05 mg L
-1

 to 0.15 mg 

L
-1

 range.  

 The magnetic particles provide a magnetically susceptible component 

which can be exploited to modulate the separation, and hence the detection of 

target analytes. Evidently, additional works are required to explore the 

potential applicability of these types of NPs. 
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III.1.6. Conclusions and perspectives 

 

 In recent years, nanotechnology has opened up new prospects for 

analytical chemistry through the exceptional characteristics of NPs, however 

MNPs possess greater properties which they combine with non MNPs such as 

carbon, and silica among others, by relaying a synergistic effect. 

 The use of magnetic nanomaterials in sample preparation is one 

important trend topic in analytical sciences, because the application of 

magnetic separation technology simplifies sample pretreatment. The sorbent 

does not need to be packed into the cartridge (as in traditional SPE), the 

separation phase can be carried out easily by applying an external magnetic 

field, and the MNPs showed a great stability, which can allow the reusability 

of the nanomaterials several times. The usefulness of the developed MNPs 

were demonstrated in various steps of the analytical process, mainly in the 

clean-up, preconcentration (especially MMIP, MCNT, surfactant coated 

MNPs, silica coated MNPs, and noble metal coated MNPs), and detection 

(particularly noble metal coated MNPs and MQDs). The sensitivity and 

selectivity of these methods arises with the functionalization of the magnetic 

solids. Regardless of achieved MNPs characteristics, they still lack the 

improvement of their physicochemical properties. Among the future expected 

improvement and perspectives in this field, it can be pointed out the 

development of new methods of synthesis and functionalization of new MNPs 

and the increase in their physicochemical stability, lifespan and selectivity. In 

consequence, new application of magnetic supports will appear in the future in 

different stages of analytical processes: sample treatment, separation and 

detection. The integration of magnetic particles with other existing 
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nanomaterials, and the use of emerging technologies (microfluids, micro-flow 

analysis, MS, etc.), are other potential areas of applications. 

 Finally, the possibility of producing marketable NPs, previously placed 

in tubes and columns previously filled with nanomaterials for a selective 

extraction of specific analytes of interest, or the design of new equipment 

which include an NP chamber (with magnetic field for MNPs control) for 

sample preparation can be planified, which can make analytical processes very 

precise, efficient, effective, and rapid. 
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A B S T R A C T 

A magnetic material based on N-methylimidazolium ionic liquid and Fe3O4 magnetic 

nanoparticles incorporated in a silica matrix has been used to extract and 

preconcentrate sulfonylurea herbicides, such as thifensulfuron methyl (TSM), 

metsulfuron methyl (MSM), triasulfuron (TS), tribenuron methyl (TBM) and 

primisulfuron methyl (PSM) from polluted water samples, prior to their analysis by 

capillary liquid chromatography with a diode array detector (DAD). Under the 

optimum conditions, this method allows the determination of TSM, MSM, TS, TBM 

and PSM in a linear range between 5 and 100 ng mL
-1

, with relative standard deviation 

values lower than 5.3 % (n010), in all cases. Detection limits ranging between 1.13 

and 2.95 ng mL
-1

 were achieved. The usefulness of the proposed method was 

demonstrated by the analysis of river water samples, obtaining recoveries higher than 

91 %. 
 

K E Y W O R D S 

Magnetic nanoparticles, Ionic liquids, Sulfonylurea herbicides, Polluted water 

samples. 
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III.2.1. Introduction 

 

 Sulfonylurea herbicides (SUHs) are a family of herbicides that were 

discovered by DuPont Crop Protection in 1975 and first commercialised for 

wheat and barley crops in 1982. They have now been developed and 

commercialised worldwide in all major agronomic crops and for many 

specialty uses (e.g., rangeland/pasture, forestry and vegetation management). 

SUHs introduce a unique mode of action, interfering with acetolactate 

synthase; a key enzyme required for weed cell growth [1,2]. SUHs are very 

specific to the target organism, and thus, the amounts applied in the field are 

much smaller than with conventional pesticides. The polar nature of these 

herbicides and their high water solubility explains why these compounds are 

potential water pollutants. Due to their high phytotoxicity and adverse impacts 

to mammals, they are regarded as presenting environmental risk, especially for 

crops, aquatic plants and microorganisms and indirectly affect the whole 

trophic food web of aqueous biota, such as ponds [3]. Due to the low level 

present and complexity in sample constituents, clean-up and enrichment 

before analysis is necessary and become a crucial step for the determination of 

SUHs in environmental samples. Many clean-up methods have been 

developed, including liquid–liquid extraction (LLE) [4,5], solid-phase 

extraction (SPE) [6–10], immunoaffinity supports [11–13], molecularly 

imprinted polymers [14,15], continuous flow liquid membrane extraction 

[16,17] and microwave-assisted solvent extraction [18]. However, the use of 

large amounts of organic hazardous solvents by LLE can create health 

problems. On the other hand, the use of relatively small surface area of the 

micro-particle sorbents by SPE may lead to relatively low extraction capability 



Use of NMs as analytical tools for sample preparation in measurement processes 

 

202 
 

and time-consuming extraction processes. Highly selective extractions of 

SUHs can be obtained by using immunosorbents (IS) [13]. These sorbents are 

based on the antigen-antibody principle and, therefore, the objective is to 

detect a particular antibody in a particular matrix. Its antigen is immobilized 

on a solid support and, once a matrix is percolated through this sorbent, the 

analyte of interest is retained by highly selective interactions. The application 

of IS for selective extraction presents some limitations due to different 

reasons. For instance, the high costs associated with producing IS, the very 

strict conditions required for their proper use, the limited number of times that 

IS can be reused, as well as the low number of molecules that can be extracted 

using this method.  

 Therefore, the development of a simple and efficient method for 

separation and enrichment of SUHs in water samples is of high interest and 

demand. Recently, nanometer-sized particles (nanoparticles (NPs)) have 

gained rapid and substantial progress and have significantly impacted on 

sample extraction [19–25]. NPs offer a significantly higher surface area-to 

volume ratio that promises much greater extraction capacity and efficiency 

[25–27].Another advantage of NPs is that NPs surface functionality can be 

easily modified to achieve selective sample extraction [28,29]. Among 

different kinds of NPs, magnetic NPs, mainly including Fe3O4 NPs, appears as 

an interesting advanced composite material. It has received increasing 

attention in the past decades due to its unique physical and chemical properties 

and high potential applications in various fields such as cell separation, 

magnetically assisted drug delivery, enzyme immobilization and protein 

separation [30–33]. The magnetic NPs with adsorbed sample can be easily 

collected by using an external magnetic field placed outside of the extraction 
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container without additional centrifugation or filtration of the sample, which 

makes sampling and collection easier and faster. Moreover, the magnetic NPs 

may be reused or recycled. 

 Magnetic NPs functionalized with different reactive groups, such as 

amines, carboxyls, epoxyls, tosyls, streptavidins, proteins, IgGs, alkyl chains, 

etc., are described in a recently published review [34]. In many cases, the 

reported supports are used for the pre-concentration, isolation, purification, 

immobilization of analytes, and all these processes are directly performed on 

complex samples. This represents an important development in separation 

methods since it avoids the need for sample pretreatment and thus reduces the 

time of separation [34]. 

Ionic liquids are a type of liquids that are composed solely of ions [35]. They 

are non-volatile, non-flammable, thermally stable and have excellent salvation 

properties [36], thus find potential applications in catalysis, electrochemistry, 

extraction, absorption and so on [37,38]. Recent researches have confirmed 

that ionic liquids immobilized on different support materials are suitable for 

extraction and preconcentration of SUHs [39], α-tocopherol [40], trace 

elements [41] and phthalates [42]. Recently, Fang et al.[39] reported a 

selective SPE method based on preconcentration of SUHs in water samples 

using ionic liquidfunctionalised silica as a sorbent and followed by liquid 

chromatography–mass spectrometry (LC-MS). This method is time consuming 

when sorbent is used in cartridge mode, which often results in a tedious 

column packing procedure, high backpressure and a low flow rate. These 

shortcomings can be circumvented by developing effective sample handling 

preconcentration material to minimize these problems. Imparting magnetism 
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to the ionic liquid-functionalized silica and then using magnetic separation is a 

good promising alternative. 

 In this work, based on an approach modified from Fang et al. [39], we 

investigated whether magnetic nanoparticles supported ionic liquids (ILs-

MNPs), which are superparamagnetic, could be prepared and used as sorbent 

for the extraction of SUHs from water samples. Due to the high surface area 

and the excellent adsorption capacity of these magnetic adsorbents, 

satisfactory extraction recoveries of SUHs could be produced with only 0.06 g 

ILs-MNPs. Moreover, the unique superparamagnetic property allows these 

adsorbents to be easily separated from the matrix rapidly with a magnet. 

Compared with conventional SPE method [39], the proposed method still has 

advantages of simple operation procedures and short analysis time. 

 

III.2.2. Experimental 

III.2.2.1. Chemicals, materials and samples 

 

 Iron(II) chloride tetrahydrate, iron(III) chloride hexahydrate, N-

methylimidazole, potassium hexafluorophosphate (KPF6) and 3-

chloropropyltrimethoxysilane were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Ethanol, methanol, acetonitrile and hydrochloric acid were 

supplied by Panreac (Barcelona, Spain). Water was purified with a Milli-Q 

system (Millipore). The analytical grade standards of thifensulfuron methyl 

(TSM), metsulfuron methyl (MSM), triasulfuron (TS), tribenuron methyl 

(TBM) and primisulfuron methyl (PSM) were from Sigma-Aldrich (St. Louis, 

MO, USA). A stock solution of each analyte was initially prepared at 1,000 

mgL
−1

 by dissolving 10 mg of individual standard in 10 mL of acetonitrile and 
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stored at −18 °C in the dark. Working standard solutions were obtained by 

diluting the individual stock solutions with acetonitrile to desired 

concentrations just before use. The standard mixtures at different 

concentration levels were prepared by diluting standard solutions of the 

analytes with water adjusted to pH 5 with NaOH. 

 Water samples (river water coming from different effluents of 

Guadiana river (Ciudad Real) were kept in the fridge at 4 °C. Before analysis, 

they were adjusted to pH 5 with NaOH and filtered through 0.45 μm nylon 

membranes (Millipore) to remove the particulate matter before the ILs-MNPs 

extraction step. 

 

III.2.2.2. Instruments and apparatus 

 

 The modular capillary chromatographic system (Agilent Series 1200) 

consisted of a vacuum degasser, capillary LC pump, microwell-plate 

autosampler (8 μ  injection loop), thermostated column compartment and a 

diode-array detector (DAD). The detector was coupled to a data system 

(Agilent, HPLC ChemStation) for data acquisition and calculation. The 

analytical column was a reversed-phase C18 column (Luna; 250×0.5 mm 

(i.d.), 5 μm) from Phenomenex. 

 

III.2.2.3. Synthesis of ILs-MNPs 

 

 The ILs-MNPs used in the preconcentration step were synthesised with 

a yield of 20 %, following the scheme presented in Figure III.2.1. Fe3O4 

magnetic NPs were prepared by the coprecipitation method according to the 
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modified previously described procedure [43]. A 180 mL of an aqueous 

solution containing 11.2 mmol Fe
3+

 and 5.6 mmol Fe
2+

 was heated to 50 °C. 

Then 12.5 mL of ammonia (15.8 M) was added under vigorous stirring. After 

30 min, the reaction was heated and kept at 90 °C for 30 min again. N2 was 

used as the protective gas in the whole experiment. After completion of the 

reaction, the black precipitate was collected by an external magnetic field, 

washed with water and ethanol and dried in vacuum. The average diameter of 

the Fe3O4 NPs is about 8 nm [43]. 

 

 

Figure III.2.1. Schematic synthesis of ionic liquid-functionalised magnetic silica NPs. 
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Then, 50 mg Fe3O4 magnetic NPs was diluted with 50 mL of water and 150 ml 

of 2-propanol [44]. This suspension was dispersed under ultrasonification for 

15 min. A 3 mL ammonium hydroxide solution was added at room 

temperature in the presence of a constant nitrogen flux, followed by the 

addition of 0.2 mL tetraethyl orthosilicate with stirring. The mixture was 

stirred for 24 h to allow the silica shell to grow on the surface of the NPs. The 

sample was washed with water for several times and dried under vacuum. 

 A 50 mmol of 1-methyl-imidazole (4 mL) was mixed with 50 mmol 3-

chloropropyl-triethoxy-silane (12 mL) in 500 mL round-bottomed flask, and 

the mixture was refluxed with stirring for 120 h. After the reaction had cooled 

to room temperature, 9.23 g (50 mmol) of KPF6 dissolved in 100 mL 

acetonitrile was slowly added and the anion-exchange reaction was allowed to 

take place over the next 72 h. A 250 mg of magnetic silica was mixed with 

silane-coupling agent attached with N-methylimidazolium ionic liquid and the 

mixture was refluxed with stirring for 72 h. After reaction, the solid product 

was isolated by a magnet, washed with acetonitrile (100 mL) twice and 

methanol (100 mL) twice and dried under vacuum at 80 °C for 8 h.  

 

III.2.2.4. General procedure for preconcentration by IL-MNPs 

 

 A 60 mg of IL-MNPs were put into a 100 mL vial and firstly 

conditioned with 5 mL of acetonitrile and dionised water in sequence. Then, 

50 mL of 100 ng mL
−1

 SUHs aqueous solution, adjusted at pH 5, was added 

into the vial. The mixture was sonicated at room temperature for 1 min to form 

a homogeneous dispersion solution. After standing for 10 min, IL-MNPs 
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adsorbed SUHs were separated rapidly from the solution under a strong 

external magnetic field. After discarding the supernatant solution, SUHs were 

eluted from the IL-MNPs with 3×0.5 mL of acetonitrile. The eluate was 

evaporated to dryness under a stream of nitrogen. The residue was 

reconstituted in 0.5 ml of water and filtered through a 0.45 μm Nylon filter. 

This solution (5 μ ) was injected into the capillary liquid chromatography 

(CLC) system. 

 

III.2.3. Results and discussion 

III.2.3.1. Optimisation of the chromatographic conditions 

 

 In preliminary studies, and as it is recommended in the literature for the 

chromatographic separation of SUHs [45–50], various types of C18 columns 

of different lengths and different diameters of particle, such as Luna C18 

reverse phase Phenomenex (250 mm×500 μm (i.d.), 5 μm),  upiter C18 

reverse phase Phenomenex (250 mm×500 μm (i.d.), 4 μm) and C18 reverse 

phase Ascentis Express (150 mm× 500 μm (i.d.), 2.7 μm) were used. 

However, the best separation of the five analytes was obtained with a Luna 

C18 reverse-phase Phenomenex (250 mm×500 μm (i.d.), 5 μm). Moreover, 

different mobile ternary phases, containing acetonitrile/methanol/water or 

binary phases with methanol and water at different ratios, and with different 

concentrations of acetic acid were tested. As a compromise between adequate 

retention times for these compounds and a good sensitivity when peak areas 

are measured, a methanol/acetonitrile 50/50 (v/v; solvent A) and acetic acid 

(0.01%; solvent B) mobile phase was selected in a gradient mode, combining 

solvents A and B as follows: 35 % A (9 min), 35-60 % A (20 min) and 60 % A 
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(5 min). The CLC system was reequilibrated with the initial composition for 5 

min, prior to next injection. 

 The effect of injection volume was investigated over the range from 

0.01 to 40 μ . In general, the peak area of all S Hs increased with increasing 

injection volume. Thus, a volume of injection of 5 μ  was chosen as a 

compromise between pressures detected in the system, sensitivity and peak 

resolution. The effect of the mobile phase flow rate was tested in the 5–20 μ  

min
−1

 range. As expected, both retention time and peak width decreased as the 

flow rate increased for all the compounds. However, a lower resolution of 

TSM and MSM was observed for the higher flow rates. Therefore, as a 

compromise, a flow rate of 10 μ  min
−1

 was chosen for further work. The UV-

DAD detector was set at 230 nm.  

 Under established capillary chromatographic conditions, standard 

mixture solutions were injected into the CLC-DAD system. As it is shown in 

Figure III.2.2, efficient, reproducible and sensitive separation and detection of 

the five SUHs evaluated were obtained in less than 35 min.  

 

Figure III.2.2. CLC-DAD chromatogram obtained after injection of 1 μg mL−1 of each standard in 

the optimum conditions. 



Use of NMs as analytical tools for sample preparation in measurement processes 

 

210 
 

The retention times (in min±SD, n=10) were: 15.2±0.9 (TSM), 16.6±0.8 

(MSM), 19.1±1.3 (TS), 26.3±1.0 (TBM) and 31.0±0.9 (PSM). 

 

III.2.3.2. Optimisation of SPE conditions 

 

 TSM, MSM, TS, TBM and PSM were selected as target analytes. 

Table III.2.1 shows its chemical structures, molecular masses and pKa values.  

To achieve accurate and sensitive chromatographic quantification of SUHs in 

water samples, the optimum conditions for SPE using ionic IL-MNPs were 

investigated. SPE parameters including the sample pH, the type and the 

volume of eluent, volume of sample and amount of magnetic sorbent, 

extraction time and reusability of sorbent. 

The fate of SUHs in environmental samples is directly related to their 

chemical structure and mainly to the ionisation of the sulfonylurea bridge 

(SO2NHCON). SUHs are weak acids with pKa from 3 to 5, and in waters they 

exist mainly in the ionised (anionic) form. This explains their low sorption 

coefficients, which are pH dependent. Theoretically, if the efficiency of the IL-

MNPs materials was due to anion exchange interaction, extraction of the 

SUHs should be maximum at two units above their pKa values [51], that is, at 

about pH 7 where the acids would be in deprotonated form. 
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Table III.2.1. Chemical structures, molecular masses and pKa values of the analysed sulfonylurea 

herbicides. 

SUHs common 

name 

Chemical Structure Molecular  

weight 

PKa 

 

Thifensulfuron 

methyl 

(TSM) 

 

387.4 4.00 

Metsulfuron 

methyl 

(MSM) 

 

 

 

381.4 

 

3.30 

Triasulfuron 

(TS) 

 

 

401.8 

 

4.64 

Tribenuron 

methyl 

(TBM) 

 

 

 395.4  

 

5.00 

Primisulfuron 

methyl 

(PSM) 

 
 

 

468.3 

 

4.47 
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III.2.1. Effect of sample pH on the adsorption efficiency on IL-MNPs 

sorbent 

 

  A pH study was carried out at pH values from 2 to 7, and the results 

are presented in Figure III.2.3. As shown in this figure, maximum adsorptions 

of SUHs were obtained at pH 5.0. The adsorption was decreased when the pH 

increased from 5.0 to 7.0. This result could not be explained in accordance 

with the main strong anion-exchange mechanism of the stationary phase based 

on N-methylimidazolium chloride immobilised on silica [52]. In this work, the 

water-insoluble anion (PF6
−
) was exchanged with the water-soluble anion 

(Cl
−
) to produce the N–methylimidazolium ionic liquid with a higher 

hydrophobic property. It may be concluded that the hydrophobic interaction 

became predominant as the five SUHs were absorbed by the ionic liquid 

magnetic sorbent. Thus, a sample pH of 5 was applied to subsequent studies. 

 

 

Figure III.2.3. Effect of sample pH on the recoveries of the five studied SUHs. 
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III.2.3.2.2. Type and volume of eluent 

 

 We also studied the nature of the eluent and the volume. As it was 

expected, the addition of water to the eluent (acetonitrile) resulted in worse 

extraction recoveries (from 55 to 64 % for all the analytes), even at 

percentages of 5 %. The volume of the eluent was also studied between 0.1 

and 3.0 mL. Recoveries obtained from the analytes with eluent volumes lower 

than 1.5 mL where between 62 and 71 % for all the analytes; 1.5 mL (3×0.5 

mL) of acetonitrile were selected as eluent volume as recoveries for TSM, 

MSM, TS, TBM and PSM were 92±3, 89±4, 86±3, 81±2 and 78±3 % (n=3), 

respectively. No improvement on the extraction efficiency was observed with 

higher volumes of eluent. 

 

III.2.3.2.3. Volume of sample and amount of magnetic sorbent 

 

 Volumes of water between 1 and 100 mL were studied in order to 

reach the maximum preconcentration factor using 50 mg of magnetic sorbent. 

The results showed that the recoveries were not affected by the volume of the 

sample when an amount of water containing a mixture of (100 ng mL
−1

 of 

each analyte) was analysed. Higher volumes could not be processed as the 

magnetism of the sorbent was decreased. A 50 mL was selected as optimal 

achieving preconcentration factor of 100. The amount of magnetic sorbent was 

also studied. Figure III.2.4 shows the recoveries obtained for the analytes as 

function of the amount of magnetic sorbent. As can be seen, similar and 

quantitative recovery values were obtained with 60, 75 and 100 mg. Thus, 60 

mg was selected as the optimal value. 
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Figure III.2.4. Effect of amounts of magnetic sorbent on the recoveries of the five studied SUHs. 

 

III.2.3.2.4. Extraction time and reusability 

 

 The influence of the extraction time on the recovery was studied in the 

5 to 30 min range. Ten minutes was selected as the final extraction time as 

recoveries for TSM, MSM, TS, TBM and PSM were 97±1, 94±2, 93±2, 91±2 

and 90±1 % (n=3), respectively. No improvement on the extraction efficiency 

was observed with higher extraction times. Finally, the reusability of the 

magnetic sorbent in different water samples was evaluated. The recoveries of 

TSM, MSM, TS, TBM and PSM reminded constant after 20 uses of the 

magnetic support without any treatment. After these uses we observed a lost 

on the extraction efficiency. Probably after these uses, ionic liquid in the 

magnetic material was altered and hence the extracting capacity. Therefore, 
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new magnetic sorbent amounts were used after 20 extraction cycles. Any 

regeneration step of magnetic materials was carried out. 

III.2.3.3. Performance of the analytical method 

 

 Combined IL-MNPs sorbent as magnetic solid-phase extraction 

(MSPE) with CLC-DAD, seemed to be an excellent way to determine SUHs in 

water samples. Thus, the advantages of CLC with a previous MSPE, as a fast 

clean-up and preconcentration steps, were achieved. Table III.2.2 shows the 

figures of merit of the proposed method, namely, linear range, precision (as 

relative standard deviation) and sensitivity (as limit of detection). Analytes 

were retained in IL-MNPs sorbent, eluted with acetonitrile, evaporated to 

dryness under a stream of nitrogen, reconstituted in water and injected into the 

capillary chromatographic system for separation and quantification of 

individual SUHs. Individual calibration graphs were run with standard 

mixtures of the five SUHs within the linear ranges (5–100 ng mL
−1

) after the 

IL-MNPs preconcentration step. Each solution was injected by triplicate. 

Table III.2.2 reports the linear range, intercept and slope of the curve and the 

regression coefficient, for each individual SUH. The precision of the method, 

expressed as relative standard deviation, for the determination of 50 ng mL
−1

 

of each SUH, was found within the 2.4–5.3 % (n=10) range. The limit of 

detection (LOD), defined as the concentration of analyte giving a signal 

equivalent to the blank signal plus three times its standard deviation, was 

calculated for each individual SUHs [53]. 

 In this case, because the coincidence of the background signal with the 

blank signal, intercept values and their corresponding standard deviation from 

the calibration equations were taken for LOD calculations. Thus, the LODs 
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obtained for the proposed method were in the 1.1–3.0 ng mL
−1

 range. The 

limit of quantification (LOQ), defined as the concentration of analyte giving a 

signal equivalent to the blank signal plus ten times its standard deviation [33], 

were in the 3.8–9.8 ng mL
−1

 range. 

 

Table III.2.2. Figures of merit corresponding to the CLC-IL-MNs method. 
 

SUHs Linear 

range 

 

Y =(a ± Sa) +(b ± Sb)X R
2
 Sy/x LOD 

(ng 

mL
−1

) 

LOQ 

(ng 

mL
−1

) 

RSD 

(%) 

TSM 10-100 Y = (683.08 ± 30.81) 

+ (31.37 ± 0.54) X 

0.9988 41.79 2.9 9.8 3.4 

MSM 10-100 Y = (844.14 ± 61.00) 

+ (80.68 ± 1.08) X 

0.9993 87.03 2.2 7.5 2.7 

TS 5-100 Y= (1208.40 ± 39.74) 

+ (105.55±0.71) X 

0.9998 60.01 1.1 3.7 4.9 

TBM 10-100 Y = (376.26 ± 28.31) 

− (31.66 ± 0.50) X 

0.9990 38.40 2.6 8.9 5.2 

PSM 10-100 Y = (365.64 ± 83.37) 

− (86.44 ± 1.46) X 

0.9989 113.09 2.8 9.6 2.3 

 

III.2.3.4. Evaluation of matrix effects and application 

 

 Signal suppression or enhancement as a result of matrix effect (ME) 

can severely compromise quantitative analysis of the SUHs at trace levels. 

MEs must be evaluated and discussed in the context of method development 

before method qualification and appropriate calibration techniques 

compensating for these effects should be used. In this way, two different sets 

of solutions were prepared (set A: standard solutions in deionised water; set B: 

spiked river water samples), treated as described in the experimental section 

and extracted, separated and quantified using ILs-MNPs-CLC-DAD method 

under the optimal separation conditions. The absence or presence of MEs on 
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the quantification was evaluated by comparing the absolute peak areas of the 

two sets (ME%=B/A×100). Both A and B sets contained concentrations of 50 

ng mL
−1

 of each SUH. No compound presented ME; the ME ranged from 91 

to 97 %, indicating that it is not necessary to use the matrix-matched standard 

calibrations. 

 The proposed method was used to analyse river water samples coming 

from different effluents of river Guadiana (Ciudad Real). Fifty millilitres of 

each water sample were filtered through a 0.45-μm membrane, and they were 

extracted by the previous described method. A total preconcentration factor of 

100/1 was achieved. In all analysed samples, no presence of the SUH 

pesticides was found, at least at concentration levels equal or greater than the 

corresponding LOQs. Therefore, samples were then spiked with TSM, MSM, 

TS, TBM and PSM at variable concentrations and determined by ILs-MNPs-

CLC-DAD method. 

Table III.2.3 shows the results obtained for the determination of the five 

studied SUHs. As can be seen in the table, the concentrations added and found 

were generally in good agreement and with high recoveries (91–99 %). 

In order to reach LOQ values always lower than 9.8 ng mL
−1

, 1.0 L of river 

sample, after 0.45 μm filtration, was spiked with a mixture containing the five 

SUHs to obtain a concentration level of 1 ng mL
−1

 each, and adjusted at pH 5. 

The solution was extracted with 500 mg of ILMNPs (1,000/1 total 

preconcentration factor). Figure III.2.5 shows a typical chromatogram 

obtained with the ILMNPs- CLC-DAD method for river water. 
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Table III.2.3. Determination of SUHs in river samples spiked with different amounts of SUHs 
 

SUHs Added  

(ng mL
-1

) 

Found  

(ng mL
-1

) 

Recovery (%) 

 

 

TSM 

10.00 9.4 ± 1.1 94.0 

15.00 14.8 ± 1.1 98.7 

25.00 24.3 ± 1.0 97.1 

50.00 48.6 ± 0.9 97.2 

75.00 71.6 ± 1.0 95.5 

 

 

 

MSM 

   

10.00 

15.00 

25.00 

9.6±0.5 

13.6±0.5 

22.8 ± 0.8 

96.3 

90.6 

91.0 

50.00 48.1 ± 0.8 96.3 

75.00 72.3 ± 0.8 96.3 

   

 

 

TS 

10.00 

15.00 

9.2±1.1 

14.4±1.0 

91.9 

95.5 

25.00 23.2 ± 0.5 92.7 

50.00 45.8 ± 0.4 91.6 

75.00 73.7 ± 0.5 98.2 

   

 

 

TBM 

10.00 

15.00 

9.7±1.1 

13.9±1.1 

97.4 

92.9 

25.00 23.9 ± 0.9 95.5 

50.00 45.8 ± 0.9 91.6 

75.00 71.0 ± 0.9 94.6 

   

 

 

PSM 

10.00 

15.00 

25.00 

9.7±1.1 

13.9±1.1 

22.6±1.0 

97.4 

92.9 

90.4 

50.00 47.7 ± 0.9 95.5 

75.00 72.8 ± 1.0 97.0 
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Figure III.2.5. CLC-DAD chromatogram obtained after ILs-MNPs extraction of a river water sample 

spiked at 1 ng mL−1 level of each SUH. 

 

III.2.4. Conclusions 

 

 The outstanding properties of magnetite NPs and their silica-modified 

counterparts already mentioned [33], have allowed to develop a novel 

adsorbent material on the basis of magnetic NPs coated with ionic liquids, 

very useful for SPE processes. Thus, this material was successfully used for 

preconcentration of five SUHs in water samples. In comparison to other 

alternative reported methods [4–17, 38], the proposed method is characterized 

by a shorter time to deal with large volume samples, avoiding time-consuming 

column passing and filtration as it is in conventional SPE procedures. The 

developed methodology demonstrates good performance, exhibits excellent 

recoveries for all studied compounds and allows the determination of the 

SUHs at the nanogrammes per millilitre range, in a reproducible and simple 

way. The results allow us to conclude ILs-MNPs can be a very suitable 
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alternative for the clean-up and the preconcentration of pesticide residue 

analyses, and probably other pollutant compounds by the appropriate matching 

of the type of analytes and the ionic liquids selected.  

 From the point of view of sensitivity, it may be seen that the ILs-

MNPs-CLC-DAD allowed the LOQ higher than the limit established by 

European legislation for individual pesticides in drinking water [54]. 

Nevertheless, the quantification limits obtained here can be further decreased 

if the sample volume and sorbent amounts are increased. The use of mass 

spectrometry detection (or other more sensitive detectors; e.g. Refs. [7, 51, 

55]), with capillary chromatography can also increase sensibility. 
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A B S T R A C T 

A rapid and selective method for the extraction and determination of catecholamines (CLs) 

from urine samples has been successfully developed using a magnetic molecularly imprinted 

polymer (MMIP) as a sorbent material. The MMIP has been prepared using dopamine 

hydrochloride (DA) as template molecule, methacrylic acid (MAA) as functional monomer, 

ethylene glycol dimethacrylate (EDMA) as cross-linking agent and Fe3O4 magnetite as 

magnetic component. The extraction was carried out by stirring urine samples with the 

magnetic polymer. When the extraction was completed, the MMIP, together with the captured 

analytes, was easily separated from the sample matrix by anadscititious magnet. The analytes 

desorbed from the MMIP were determined by capillary electrophoresis (CE). It was shown 

that the MMIP had high affinity and selectivity toward DA and other structurally related CLs 

such as 3-methoxytyramine hydrochloride (MT), DL-normetanephrine hydrochloride (NME), 

DL-norephinephrine hydrochloride (NE) and (7) epinephrine (E). Different parameters 

affecting the extraction efficiency were evaluated in order to achieve the optimal 

preconcentration of the analytes and to reduce non-specific interactions. Under the optimal 

conditions, the CL limits of detection were at the 0.04–0.06 mM range. The relative standard 

deviations of migration time and response ranged from 0.7% to 1.4% and from 2.9% to 5.5%, 

respectively. The proposed method was successfully applied to determine CLs, including MT, 

NME, DA, NE and E in human urine samples. 
 

K E Y W O R D S:  

Magnetic molecularly imprinted polymer, Extraction, Capillary electrophoresis, 

Catecholamines, Human urine. 
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III.3.1. Introduction 

 

 Catecholamines (CLs), such as dopamine, adrenaline and 

noradrenaline, are neurotransmitters in the central and peripheral nervous 

systems (Figure III.3.1). Clinical measurement of CLs and their analogs in 

biological samples is useful for clinical diagnosis of pheochromocytoma and 

neuroblastoma of Parkinson’s disease and in the investigation of stress 

systems [1]. This fact has prompted the development of several methods for 

the determination of dopamine and their analogs in biological fluids such as 

serum, urine and plasma. Since CLs in biological fluids occur only in small 

quantities, the analytical methods developed for their determination should be 

both selective and sensitive. 

 Several methods have been developed to determine CLs in urine 

samples [2-7]. Liquid chromatography (LC) and capillary electrophoresis 

(CE), coupled with fluorescence and electrochemical detectors [2-4], tandem 

mass spectrometry [5,6,7] or ultraviolet detector [7,8], have been previously 

used for this purpose. As CLs are found at low concentration in urine, a pre-

concentration step is necessary to detect them. However, and since this 

enrichment procedure also leads to the concentration of matrix constituents, 

samples should be clean-up in order to eliminate possible interferents before 

analysis. The clean-up step is usually performed by solid-phase extraction 

(SPE) with different sorbents such as C18 [8,9], cation-exchange [10] and 

alumina [11], by molecularly imprinted polymers (MIPs) [12] and/or by 

immunosorbents (IS) [13]. Among these, the best sorbents used to perform 

highly selective extractions of dopamine and their analogs were IS [13]. In the 

case of dopamine hydrochloride (DA), an enzyme-linked immunosorbent 
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assay (ELISA)-based plate kit for its quantitative measurement is 

commercially available from distributor, ALPCO diagnostics, with 8.3 pg 

sample sensitivity, being sample volume 100µL. These sorbents are based on 

the antigen-antibody principle and, therefore, when a particular antibody in a 

matrix wants to be detected, its antigen is immobilised on a solid support and, 

once the matrix is percolated through this sorbent, the analyte of interest is 

retained by highly-selective interactions. However, the application of IS for 

selective extraction is very limited for several reasons. Among these, there are 

the high cost associated with producing IS, the very strict conditions required 

for their proper use, the limited number of times that IS can be reused, and the 

low number of molecules that can be extracted using this method. In order to 

overcome the drawbacks of IS to perform selective extractions, and taking the 

advantage provided by polymeric sorbents, a new trend for using highly 

selective polymeric sorbents appeared in the mid-1990s. These sorbents are 

known as MIPs. Even though MIPs appeared in the early 1970s, it was not 

until Sellergren [14,15] used them for the first time to extract pentamidine 

from urine samples, that they became increasingly used in SPE. The use of 

MIPs as sorbents in SPE has led to a SPE protocol, which is known as 

molecularly imprinted solid-phase extraction (MISPE). Compared to natural 

receptors, MIPs not only demonstrate comparable molecular selectivities but 

they are also more robust and reusable, and less expensive to prepare [16]. 

However, some drawbacks to MISPE have restricted its widespread 

application. MISPE is normally used in cartridge mode, which often results in 

a tedious column packing procedure, high backpressure and a low flow rate. 

The question is then: how can these disadvantages overcome while still 

keeping the advantages of MISPE? Several attempts have been made to 
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develop an on-line MISPE system or to prepare a monolithic column coupled 

to a chromatographic system [17-20]. Providing magnetism to the MIP and 

then using magnetic separation is another promising alternative.  

 Magnetic particles have been widely applied in biological fields, such 

as bioseparation [21], drug delivery [22] and biomolecular sensing [23], being 

also recently used as SPE sorbents in environmental sample pretreatment [24–

26]. The preparation of a magnetic MIP (MMIPs) has been previously 

reported [27-33]. Zhang et al. [30] and Hu et al. [31] have applied MMIPs to 

plant samples in order to perform trace analyses of auxin phytohormone and 

triazines, respectively. The advantage of MMIPs is obvious, as described in 

[34]: “the participation of a magnetic component in the imprinted polymer can 

build a controllable rebinding process and allow magnetic separation to 

replace the centrifugation and filtration step in a convenient and economical 

way”. When MIP particles contain magnetic components, adsorption can be 

achieved by dispersing them in solution, being then easily separated from the 

matrix by applying an external magnet. Therefore, MISPE with magnetic 

separation provide a convenient and highly efficient enrichment, avoiding SPE 

column packing and the time-consuming process of loading a large-volume 

sample. However, MMIP has not been applied. 

The aim of this study was the development of a new method to improve 

and simplify the determination of CLs including 3-methoxytyramine 

hydrochloride (MT), DL-normetanephrine hydrochloride (NME), DA, DL-

norephinephrine hydrochloride (NE) and (±) epinephrine (E) in urine samples 

(Figure III.3.1). For this purpose, a new MMIP was synthesized using DA as 

template molecule. The characteristics of the MMIP and binding experiments 

were investigated. 
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Figure III.3.1. Chemical structures of DA (a), MT (b), NME (c), NE (d) and E (e). 

 

 The resulting polymers were used as sorbents for the extraction of CLs 

from urine samples, followed by capillary electrophoresis (CE) determination. 

With the proposed methodology CLs were selectively isolated and matrix 

interferences were eliminated in a short time, which simplifies sample 

treatment procedure. 

 

III.3.2. Experimental 

III.3.2.1. Chemical, material and samples 

 

 Iron (II) chloride tetrahydrate (FeCl2 4H2O), iron (III) chloride 

hexahydrate (FeCl3 6H2O), γ-methacryloxypropyltrimethoxysilane (γ-MPS), 

methacrylic acid (MAA), ethylene glycol dimethacrylate (EGDMA) and α,α’-

azobisisbutyronitrile (AIBN) were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). Ethanol (EtOH), methanol (MeOH), acetonitrile (ACN), 
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hydrochloric acid, acetic acid, sodium bisulphate and ammonia were supplied 

by Panreac (Barcelona, spain). 

The CLs standards MT, NME, DA, NE and E were purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Individual stock standard solutions of 

10 mM in HCl (0.1 M) and sodium bisulphate (0.5 mM) were prepared, stored 

at 4 °C in the dark and used for further dilution. The analytical grade reagents 

employed to prepare carrier electrolyte were: sodium tetraborate anhydrous 

(borate), supplied from Fluka (Buchs, Switzerland), and di-sodium hydrogen 

phosphate (Na2HPO4), supplied by Panreac. Water was purified with a Milli-Q 

system (Millipore). Sodium hydroxide (NaOH, Panreac) was used for capillary 

conditioning. All solutions prepared for CE analysis were passed through a 

0.45 µm nylon filter before use, degassed by sonication and freshly prepared 

each day. Human urine samples were supplied by volunteers. 

 

III.3.2.2. Apparatus 

 

 CL determination was carried out in an Agilent Model G1600AX (Palo 

Alto, CA, USA) CE instrument provided with a diode array 

spectrophotometric detector (DAD). CE voltage and temperature were set at 

20 kV and 25°C, respectively. Detection was performed at 200 ± 10 nm (450 ± 

10 nm as reference). Hydrodynamic injection mode (50 mbar) was applied for 

5 s. A fused-silica capillary (Análisis Vínicos, Tomelloso, Spain) of 64 cm (41 

cm effective length) and 50 µm id was used. Capillary was daily conditioned 

by washing with freshly prepared 0.1M NaOH (30 min) followed by deionized 
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water (20 min) and fresh running electrolyte (20 min). Capillary was also 

rinsed with electrolyte for 10 min after each complete run. 

 

III.3.2.3. Preparation of double-bond-functionalized Fe3O4 

magnetite 

 

 Fe3O4 magnetic nanoparticles were prepared by the co-precipitation 

method according to a previously described procedure [35]. 180 mL of an 

aqueous solution containing 11.2 mmol Fe
3+

 and 5.6 mmol Fe
2+

 was heated to 

50°C. Then 12.5 mL of ammonia was added under vigorous stirring. After 30 

min, the reaction was heated and kept at 90°C for 30 min again. N2 was used 

as the protective gas in the whole experiment. After completion of the 

reaction, the black precipitate was collected by an external magnetic field, 

washed with water and Ethanol, and dried in vacuum. To modify the magnetic 

nanoparticles with a double bond, 4 mL γ-MPS was dropwise added into the 

mixture solvents of ethanol and water (1:1, v/v) containing 50 mg of dispersed 

Fe3O4 nanoparticles, and the reaction was kept for 12 h at 40°C under N2 gas. 

Then, the product was separated and washed with Ethanol for several times, 

and dried in vacuum. 

 

III.3.2.4. Preparation of MMIPs and binding experiments 

 

 In this study, six MMIPs (MMIP1, MMIP2, MMIP3, MMIP4, MMIP5 

and MMIP6) and their corresponding magnetic non-molecularly imprinted 

polymers (MNIPs) (MNIP1, MNIP2, MNIP3, MNIP4, MNIP5 and MNIP6) 
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were synthesized by preparing the polymerization mixtures, included in Table 

III.3.1.  

 

Table III.3.1. Polymerization mixture composition and percentage of bound DA by the MMIPs and 

MNIPs. 
 

MMIPs DA 

(mmol) 

MAA 

(mmol) 

EDMA 

(mmol) 

AIBN 

(g) 

ACN 

(mL) 

MeOH 

(mL) 

H2O 

(mL) 

Fe3O4 

NPs 

(g) 

Bound 

DA 

(%) 

MMIP1 0.026 1 0.5 0.013 9 -- 1 0.05 58.3 

MMIP1 -- 1 0.5 0.013 9 -- 1 0.05 17.6 

MMIP2 0.026 1 0.5 0.013 9.75 -- 0.25 0.05 98.2 

MMIP2 -- 1 0.5 0.013 9.75 -- 0.25 0.05 20.3 

MMIP3 0.26 1 0.5 0.013 9 -- 1 0.05 77.2 

MMIP3 -- 1 0.5 0.013 9 -- 1 0.05 21.1 

MMIP4 0.026 1 0.5 0.013 -- 9 1 0.05 78.6 

MMIP4 -- 1 0.5 0.013 -- 9 1 0.05 19.6 

MMIP5 0.026 1 3.8 0.013 9 -- 1 0.05 67.3 

MMIP5 -- 1 3.8 0.01 9 -- 1 0.05 18.5 

MMIP6 0.026 1 5 0.01 9 -- 1 0.05 53.7 

MMIP6 -- 1 5 0.01 9 -- 1 0.05 17.5 

 

These polymerization mixtures were constituted by a functional monomer 

(MAA), a crosslinker (EDMA), pore-forming solvents (mixtures of 

ACN/water or MeOH/water), and AIBN as thermal initiator. In all cases, 0.05 

g dispersed double-bond-functionalized Fe3O4 magnetic nanoparticles were 

added into the polymerization mixture. Polymerization was performed at 60 

°C for 24 h. The resulting product was collected by the external magnetic field 

and washed several times with acetic acid (1%) with the aid of mechanical 

agitation until the template molecule could not be detected by CE. The 

obtained polymers were finally rinsed with water to remove the remaining 

acetic acid and dried in a vacuum desiccator for 24 h before use. The control 

MNIPs were prepared in absence of DA during the polymerization process and 
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treated in an identical manner. MMIPs and MNIPs did not need to be ground 

before they were used.  

 Capacity evaluation of MMIPs and MNIPs to recognize and bind 

template was performed in a phosphate buffer saline (PBS) at pH 8. Briefly, 

20.0 mg MMIPs or MNIPs were mixed with 2.0 mL of DA at the 

concentration of 2 µM in PBS. The solution was incubated for 24 h at room 

temperature, and then the supernatant was separated and analyzed by CE. The 

amount of DA bound on the magnetic polymers was obtained by calculating 

recovery. As observed in Table III.3.1, a good recovery (98%) was obtained in 

the extraction of DA by MMIP2, therefore this MMIP was selected for the 

next experiments.  

 

III.3.2.5. Extraction procedure 

 

 An amount of 50 mg of MMIP2 were put into a conical flask and 

conditioned in sequence with 3.0 mL acetic acid (1%) and 3.0 mL PBS (pH 8). 

The supernatant was separated from the polymers with a magnet and 

discarded. Then 2.0 mL of test urine sample was added into the conical flask, 

and 18.0 mL PBS (pH 8) as buffer was also added. The solution was mixed by 

mechanical agitation for 15 min. After the extraction was completed, the 

captured DA and its analogs were rapidly separated from the solution under a 

strong external magnet. After discarding the supernatant solution, the analytes 

were eluted from the MMIP2 with 2 x 1.0 mL acetic acid (1%). The elution 

fraction was evaporated to dryness under a nitrogen stream at 40°C, dissolved 

in 0.2 mL of phosphate-borate buffer (pH 5.5, 20 mM ionic strength) and 

analyzed by CE.  
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III.3.3. Results and discussion 

 

 First, the MMIP procedure was designed and optimized to carry out the 

extraction of CLs from the urine samples and, then, the electrophoretic method 

was also optimized to separate and quantify these analytes. 

 

III.3.3.1. Evaluation of MMIP cross-selectivity 

 

 The selectivity of MMIP2 was investigated with E, NE, NME and MT 

as the structural analogues of DA template. The experiment was carried out by 

adding 20.0 mg MMIP2 or MNIP2 in a glass tube containing 2.0 mL of each 

stock solution at the concentration of 2 µM. The solution was incubated for 24 

h at room temperature, and then, the supernatant was separated and analyzed 

by CE. 

 

 

Figure III.3.2. Binding tests for DA and its related derivates: E, NE, NME and MT using MMIP2 and 

MNIP2. 
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 As observed in Figure III.3.2, the amounts of DA and the structural analogues 

bounded to the MMIP2 were higher than those bounded to the MNIP2. Thus, 

MMIP2 provided a high selectivity for DA and its structural analogues. 

 

III.3.3.2. Optimization of extraction conditions 

 

 The extraction conditions were optimized by analyzing a standard 

solution (2 µM) of the CL compounds. The parameters affecting the 

performance of the extraction, such as pH, adsorption time, elution solvent, 

sample volume and mass of sorbent, were investigated. When one parameter 

was changed, the other parameters were fixed at their optimal values. 

 The binding sites of MMIP2 are in situ synthesised by 

copolymerisation of functional monomers and cross-linker around the 

template molecule. In this work, MMA, containing carboxyl functional 

groups, was used as functional monomer. Template binding to the imprinted 

polymers is due to hydrogen bound, electrostatic force and charge transfer 

between the carboxyl groups and the imprinted molecules. Then, 0.1 M HCl 

and 0.1 M NaOH were used to control pH from 1.0 to 11.0 in order to 

determine 2 µM DA standard solution. The best results were achieved for pH 

values ranging from 8.0 to 11.0, as it is shown in Figure III.3.3a.  

 Taking into account the experimental data obtained by Sanchez-Rivera 

et al. [36], dopamine (X-NH2) will be positively charged at pH<8 and within 

the 8.8-11 pH range, important fractions of cationic (X-NH3
+
) (pKa1 (X-NH3

+
) 

= 9.046), neutral (X-NH2) (pKa2 (X-NH2) = 10.58) and anionic (X-NH
-
) (pKa3 

(X-NH
-
) = 12.07) species are present. On the other hand, MAA contains a 

carboxylic group that can be ionized and interact with the amide group of 
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H3DA
+
 (at pH < 8) via electrostatic forces. As a result, a pH in the range 6-8, 

will greatly influence the interactions between the analyte and the MMIP2. 

When pH>9, the predominant species are neutral and anionic, thus any 

electrostatic interaction with the carboxylic group of MMA can occur. The 

high recoveries obtained with these high pHs can be explained taking into 

account that the hydrophobic properties of EDMA-containing polymer may 

promote a higher non-specific adsorption of Dopamine to the MMIP. 

Therefore, a phosphate buffer saline (PBS) at pH 8.0 was selected for further 

experiments. 

 Next, the effect of the adsorption time on DA recovery, which was 

varied between 1 and 30 min, was also examined. As observed in Figure 

III.3.3b, 15 min were enough to achieve a complete recovery, being this time 

selected for the next experiments.  

 On the other hand, desorption conditions were also optimized. Elution 

solvent composition, which was composed by water containing different acetic 

acid percentages (0 – 2.5 %, v/v) was firstly optimized. Experiments were 

carried out using 50 mg of sorbent and 2 mL of DA standard solution (2 µM at 

pH 8). As observed in Figure I.3.3c, recovery increased dramatically when the 

percentage of acetic acid was increased from 0 to 1.0 %. Recovery barely 

changed as the proportion of acetic acid was further increased from 1.0 to 2.5 

%. Therefore, 1.0 % acetic acid was selected for subsequent experiments. 

Next, the minimum elution solvent volume needed to efficiently elute the 

adsorbed DA was optimized. Different volumes, ranging from 1.0 to 5.0 mL, 

were tested. The best results were obtained when 2.0 mL were used. Thus, 2 x 

1.0 mL water containing 1% acetic acid  under 5 min of agitation were the 

optimal conditions selected for the desorption stage. Thus, the whole 
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extraction procedure can be accomplished within 25 min.   Finally, the optimal 

amount of MMIP used to quantitatively extract DA was optimized. For this 

purpose, different amounts of MMIP2, ranging from 10 to 100 mg, were tried 

to extract DA from 2 mL standard solution (2 µM) in PBS at pH 8. As 

observed in Figure II.1.3.3d, recovery increased when the amount of MMIP2 

was increased from 10 to 50 mg. When the amount was higher than 50 mg, 

any significant recovery improvement was obtained. Therefore, the optimal 

amount of sorbent was fixed at 50 mg. After each extraction, sorbent was 

easily recovered by rinsing it with acetic acid (1%). Sorbent recycling was 

then studied, and the results showed that the sorbent can be used at least ten 

times with the same extraction efficiency. 

 

 
Figure III.3.3. Effects of sample pH (a), adsorption time (b), percentage of acetic acid 

(c) and mass of sorbent (d) on DA recovery by MMIP2. 

 



Talanta 99 (2012) 897–903 

 

241 
 

III.3.3.3. Separation and detection of CLs 
 

 The influence of several parameters was investigated to identify the 

key variables that affect sensitivity and separation efficiency of CLs. For this 

purpose, standard solutions at a concentration of 2 µM were used.  

 Most CL separations reported in literature [37-44] used additives to 

achieve good separation and to protect analytes from degradation. At lower pH 

buffers, in which compounds have a net positive charge, either micelle-

forming surfactants [37] or electroosmotic flow (EOF) decreasing wall 

modifiers [44] have been used to separate the analytes. At high pH buffers, in 

which compounds have a net negative charge, more favorable separation 

condition were obtained. However, and since compounds are less stable and 

easily oxidized at basic pHs, antioxidants have often been added [38-43]. In 

acid media, CLs are generally protonated, hence shorter and better separations 

are obtained. Therefore, acid pH values have been selected to separate CLs by 

CE. Thus, pH effect on the EOF and on the dissociation of analytes in the 

running electrolyte and, therefore, on electrophoretic migration and resolution 

of analytes was firstly adressed. pH values were varied between 4.0 and 7.0 

using phosphate as the running electrolyte solution at 0.02 M ionic strength. 

CLs migrated in the following order of increasing migration times: MT, NME, 

DA, NE and E. From the pH-dependence of the apparent mobility of the five 

CLs, a pH value of 5.5 resulted as the optimum for their separation. Two 

different aqueous electrolytes were tested: phosphate and phosphate-borate 

buffer over the range 10–50 mM at pH 5.5. Good resolution, better sensitivity 

and less fluctuant baselines were obtained when a 20 mM phosphate-borate 

buffer was used. In order to achieve a good compromise between running time 
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and the heat generated inside the capillary by Joule effect, a 20 mM 

concentration of phosphate-borate buffer was finally selected. 

 Next, the applied voltage for CL separation was optimized. For this 

purpose, different applied voltages, ranging from 10 to 25 kV, where applied. 

The separation voltage directly determines migration time, affecting also peak 

resolution. In all cases, migration time decreased when voltage was increased. 

Thus, a voltage of 20 kV was selected as the best compromise between 

migration time and separation efficiency. Probably, due to the Joule effect and 

capillary heating, not very reproducible results were obtained at voltages 

higher than 20 kV. Moreover, capillary temperature was also set at 25 
o
C and a 

good separation of CLs was obtained. 

 On the other hand, hydrodynamic injection was selected since more 

reproducible results were obtained when compared to electrokinetic injection 

[38-43]. Injection time and pressure were also optimized. Time was varied 

between 3 and 15 s. Sensitivity increased when injection time was increased. 

However, more than 5 s resulted in no separation of NE and E peaks. 

Consequently, an injection time of 5 s was selected as the optimum value. 

Regarding injection pressure, values ranging from 30 to 50 mbar were 

essayed. A pressure of 50 mbar was selected since it provides the best 

sensitivities for all the CLs studied. 

 

III.3.3.4. Performance characteristics of the MMIP-CE method and 

application to the determination of CLs in human urine samples 

 

 Under the optimized conditions, 50 mg of MMIP2 were put into a 

conical flask and conditioned in sequence with 3.0 mL acetic acid (1%) and 
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3.0 mL PBS (pH 8). The supernatant was separated from the polymers with a 

magnet and discarded. Then 20.0 mL of standard solutions prepared in PBS 

(pH 8) of MT, NME, DA, NE and E in the 0.25–2.50 µM concentration range, 

was added into the conical flask. The solution was mixed by mechanical 

agitation for 15 min. After the extraction was completed, the captured DA and 

its analogs were rapidly separated from the solution under a strong external 

magnet. After discarding the supernatant solution, the analytes were eluted 

from the MMIP2 with 2 x 1.0 mL acetic acid (1%). The elution fraction was 

evaporated to dryness under a stream of nitrogen, dissolved in 0.2 mL of 

phosphate-borate buffer (pH 5.5, 20 mM ionic strength) and analyzed by CE. 

Five CLs were separated and quantified in less than 10 min with good 

resolutions (see Figure III.3.4). 

 

 

Figure III.3.4. Electropherogram of a 2 mM standard solution of CLs .Conditions : capillary, 64 cm 

id 50 mm (41cm effective length);capillary temperature, 25 °C; hydrodynamic injection, 5s; applied 

voltage, 20 kV; running electrolyte, 20 mM phosphate–borate at pH 5.5; detection, at 205 nm. Peak 

identification: 1, M, 2, NME, 3, DA, 4, NE and 5, E. 
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 The figures of merit of the method, which are summarized in Table 

III.3.2, were evaluated for an hydrodynamic sample injection of 5 s. External 

calibration curves using peak areas were constructed by injecting into the CE 

system the standard solutions (by triplicate) after being preconcentrated using 

the MMIP. Straight lines with R
2
 of 0.999 were obtained in all cases (Table 

III.3.2), which demonstrated that the proposed method can be used for 

quantitative analytical purposes. The LODs, defined as the concentration of 

analyte giving a signal equivalent to the blank signal plus three times its SD, 

are also presented in Table III.3.2. Since the blank signal is practically the 

same for all analytes, intercept values and their corresponding SDs of the 

calibration equations were used to calculate these values. The LOD values 

obtained were ranged from 0.04 to 0.06 µM, which presents advantages with 

respect to other values obtained using capillary electrophoresis after solid-

phase extraction. Thus, in a previous publication, Vuorensola et al. [8] used 

SPE with a polymer sorbent material and CE-DAD for the determination of 

3,4-dihydroxybenzylamine, dopamine, 3-methoxytyramine, normetanephrine 

and metanephrine in urine samples, but the LOD were ranged between 0.40 

and 0.70 µM. 

 The precision of the method, expressed as RSD, was obtained by 

injecting a 2.00 µM standard solution ten times during one working day. In all 

cases, precision RSD values for the responses and migration times were 

ranged between 2.9–5.5 % and 0.7– 1.4 %, respectively.  

 The use of MMIP in combination with CE was tested on real sample 

matrices (viz. human urine samples). In first place, urine samples (2.0 mL) 

were diluted with 18.0 mL of phosphate-borate buffer (pH 5.5, 20 mM ionic 

strength), filtered and directly injected into the CE system without being 
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subjected to the MMIP step. Unstable baselines and no analyte separation 

were obtained in the electropherograms due to the interferences present in 

these urine samples. However, when these samples were extracted as 

described in the section 2.5, a stable baseline and few interferences were 

obtained. Figure III.3.5a illustrates the effect of this MMIP step on the urine 

samples. As any CL peak was detected in these samples, samples were spiked 

at different levels with the five CLs and determined by the proposed MMIP-

CE method. 
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Table III.3.2. Calibration data and validation parameters obtained for the CL determination by the 

proposed MMIP-CE method. 
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Figure III.3.5b shows a representative electropherogram obtained for a human 

urine sample spiked with 2.5 µM of each CL. The recovery results obtained 

for each analyte after spiking samples at different CL concentration levels are 

shown in Table III.3.3. As it is shown in this table, recovery values, which 

were estimated from measured versus added amounts, were ranged between 

91.8 and 103.6 %, depending on the analytes. 

 

 

Figure III.3.5. Electropherogram of (A) an extract of blank human urine sample and (B) human 

urine sample spiked at 2.5 mM by each CL. Peak identification, separation and detection conditions 

as indicated in Figure. II.1.3.4. 

 

These recoveries can be favorably compared to other recovery values 

previously obtained using MIPs. Recoveries in the 81.2–95.1 % range with 

RSD values comprised between 2.3 and 12.4 % were obtained for CLs in 

spiked urine samples by using a SPE procedure with a chemically modified 

polymer resin (Amberlite XAD-4) crown ether and by reversed-phase ion-pair 
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high-performance liquid chromatography with electrochemical detection [45], 

which were lightly lower than those obtained by the proposed methodology. 

 

Table III.3.3. Recovery results obtained for CLs after spiking human urine samples at different CL 

concentration levels. 
 

Analyte 
Added in the urine 

sample (µM) 

Found in the analysed 

extract (µM) 

Recovery  

(%) 

MT 

 

  2.50 

 

  2.35 

 

94.2 

  5.00   4.96 99.1 

10.00 10.16 101.6 

15.00 15.08 100.5 

20.00 

 

19.84 99.2 

NME 

  2.50   2.37 94.9 

  5.00   5.01 100.2 

10.00 10.01 100.1 

15.00 14.79 98.6 

20.00 

 

20.06 100.3 

DA 

  2.50 2.30 92.0 

  5.00 5.12 102.5 

10.00 9.89 98.9 

15.00 14.89 99.3 

20.00 

 

19.65 98.2 

NE 

  2.50 2.59 103.6 

  5.00 4.92 98.3 

10.00 9.59 95.9 

15.00 14.32 95.5 

20.00 20.32 101.6 

 

E 

  2.50 2.30 91.8 

  5.00 5.14 102.9 

10.00 10.15 101.5 

15.00 14.91 99.4 

20.00 18.74 93.7 
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III.3.4. Conclusions 

 

 In this work, MMIPs with a strong magnetic responsiveness and a 

selective character has been successfully prepared and applied for the 

extraction of DA and its analogs from urine samples, followed by their 

separation and detection by CE. Studies of recognition properties have 

demonstrated high adsorption capacity and selectivity of the MMIP beads to 

the DA template molecule. Moreover, the imprints have also shown cross-

selectivity for M, NME, NE and E. On the other hand, any interferent was 

observed at the migration time of the analytes of interest, thus the proposed 

method provides improved isolation and identification of M, NME, DA, NE 

and E in complex urine samples. The proposed magnetic method present 

several advantages when compared with the traditional SPE protocol, such as 

the easy collection of MMIP sorbents by an external magnetic field and the 

elimination of the time consuming column passing and filtration steps, among 

others. In addition, MMIP sorbents can be also easily recycled by rinsing with 

1% acetic acid. Thus, this method can be considered as a promising and good 

alternative to the traditional techniques. A next step could be the on-line use of 

MMIPs combined with mass spectrometry detection, in order to improve 

sensitivity and thus expanding the applicability of the method. 
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A B S T R A C T 

An improved and efficient method for the determination of underivatized amino acids (AAs) 

based on the use of CE coupled to evaporative light scattering detector (ELSD), involving 

carbon nanotubes (CNT), was successfully developed. Carboxyled single–walled carbon 

nanotubes (cSWNTs) were used for the first time to perform the clean-up of the analyzed 

samples, which were afterwards analyzed by CE–ELSD. White tea samples were used to 

demonstrate the usefulness of the CE–ELSD coupled methodology. A suitable interface, based 

on a triple tube design sprayer, was developed and successfully used for coupling both 

instruments. Parameters affecting the separation and determination, including the elimination 

of interferences, were studied and properly optimized. Under the optimized conditions good 

resolution was achieved for the separation of seven AAs. The precision of the method, 

expressed as relative standard deviation, was found within the 3.5-5.3 % range. The LOD 

obtained for the proposed method were in the 1.2-2.1 pg range and the LOQ, were in the 2.0-

11.5 pg range, with injection pressure of 5 KPa for 20s (15.3 nL). This method is simple, rapid, 

and selective compared with other conventional techniques.  
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A B B R E V I A T I O N S 

AAs, amino acids; CCD, contactless conductivity detector; CNTs, carbon nanotubes; CNLSD, 

condensation nucleation light scattering detection; cSWNTs, carboxyled single-walled carbon 

nanotubes; ED, electrochemical detection; ELSD, evaporative light scattering detector; RI, 

refractive index. 
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III.4.1. Introduction 
 

 Amino acids (AAs) are important in nutrition and are commonly used 

in nutrition supplements, fertilizers, food technology and industry. They were 

the first compounds investigated by CE [1] due to the ability of these 

compounds to form ions in solution. AAs are important as they are essential 

components of proteins and they play key roles in energetic metabolism, 

neurotransmission, and lipid transport. Therefore, their determination in 

biological fluids, such as urine and blood, can help in the diagnosis and 

treatment of diseases [2]. On the other hand in food science, amino acids are 

measured to determine the quality of the final products [3]. The determination 

of AAs by CE has been mainly performed with precolumn, postcolumn, and 

on-column derivatization techniques with UV chromophores [4] or 

fluorophore reagents [5] to provide better resolution and sensitivity. On the 

other hand, several CE methods with indirect UV detection for the 

determination of underivatized AAs have been reported [6]. These methods 

are simples, but, their main drawbacks are the lack of sensitivity and 

selectivity. Recent advances in AA analysis by CE were reviewed by Poinsot 

et al, describing the use of lasers or light emitting diodes for fluorescence 

detection conductimetry electrochemiluminescence detectors, MS 

applications, lab-on-a-chip applications using CE [7], and the use of LIF and 

MS [8]. The contribution of CE-MS technology to the analysis of AAs was 

also reported [9], presenting the technologies involved in the instrumental 

coupling and the advantages of the hyphenation. Another alternative for AAs 

analysis was electrochemical detection (ED) techniques. Based on the 

oxidation or reduction of AAs, it has successfully proposed the determination 
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of AAs at low detection limits [10]. However, as the ED detection was carried 

out on solid electrodes (Pt, Au, Cu), the application is limited to a group of 

AAs [11]. On the other hand, all AAs should be detectable as ions for their 

detection by conductively measurements (e.g., using the contactless 

conductivity detector, CCD). This method has especially been used for the 

detection of small inorganic ions, and hence its utilization for detection of free 

AAs in the CE analysis has proven to be a very useful tool for these analytes 

[11–13]. 

 Recently, many works have been developed applying evaporative light 

scattering detector (ELSD) for the determination of AAs. They were 

developed as an alternative to existing LC available detectors, which relied on 

photometric (UV-vis), fluorometric or refractive index (RI) measurement 

[14,15]. This type of detector can detect all solutes that are less volatile than 

mobile phase [14]. It was popularly used in the detection of the carbohydrate 

and higher fatty acid [16]. ELSD was also used for the determination of 

underivatised AAs [14,15]. For detection of AAs in foods, LC-ELSD could 

represent a useful alternative. ELSD response is based on the amount of light 

scattered by analyte particles created by evaporation of a solvent as it passes 

through a light beam. Therefore, the resulting signal corresponds to all 

compounds present in the sample which do not evaporate or decompose during 

evaporation of the solvent or mobile phase [17]. It follows that no 

chromophores are needed to be present in target molecules, and no 

derivatization is required during the analytical process. Moreover, ELS 

detectors are more affordable than MS and compatible with a broad range of 

solvents and gradient elution. Until now, many efforts have been paid to 

develop efficient methods of analysis, through involving hyphenated systems, 
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and using different kinds of nanoparticles for separation, detection, and 

preconcentration of analytes, or improving sample treatment procedures which 

is a key step to obtain reliable results. 

 The importance of sample treatment has been reported in the high 

number of articles in the last few years [18]. In this sense carbon nanotubes 

(CNTs) have been the subject of intense research because their remarkable 

nanostructures combining high surface area, high electrical conductivity, good 

chemical stability, and significant mechanical strength [19]. These 

nanomaterials have been used wide variety of applications in analytical 

science [20]. CNTs were used as SPE [19] or adsorbents to determine 

environmental sample [21], used as carriers for CE [22], as additives to 

separate flavonoids and phenolic acids [23], in extraction procedures [24], in 

electrochemical analysis [25] such as sensors [26], and membranes [27]. Over 

the past decade, CNTs have been functionalized (i.e., derivatized) with 

different hydrophilic moieties that allow them to be dispersed into polar 

solvents, including water. A common example is the simple oxidation under 

acidic conditions, resulting in the generation of carboxyl groups along their 

length, and thus producing cSWNTs. These nanomaterials have shown a great 

retention potential in a variety of separations for analytical purposes. It was 

also proved, in different comparative studies, that CNTs were more effective 

than other commonly used commercial adsorbents, such as C18 bonded silica, 

activated carbon or macroporous resins. In addition, they may be re-used more 

than 100 times after proper cleaning and reconditioning [28]. 

 In this study, we report for the first time the development of a method 

for the determination of AAs in tea samples based on a direct interface couple 

between commercially available CE–ELSD equipments, whereas Koropchak 
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et al. [29] used a Nafion membrane coated with a metal for grounding the CE 

circuit system to interface CNLSD with CE. The aim of use cSWNTs in a 

clean-up step is to simplify sample treatment and to eliminate interferences 

from matrix. A good peak resolution, repeatability and reproducibility of the 

responses, together with high sensitivity were obtained with coupled CE–

ELSD involving a new interface designed for this purpose. This method was 

applied to determine Arg, Gly, Ala, Ser, Val, Trp and Pro, in white tea 

samples with two major advantages over existing CE described methods, 

namely: direct determination (without any derivatization step) and the use of a 

low-cost instrumentation as ELSD is, particularly in comparison to MS 

detectors. 

 

III.4.2. Experimental 

III.4.2.1. Chemicals, material and samples 

 

 L-arginine, L-glycine monohydrochloride, L-alanine, L-serine, L-

valine, DL-tryptophane and trans-4-hydroxyL-proline 98%, were purchased 

from Sigma-Aldrich (St. Louis, MO, USA). Individual stock standard 

solutions of 1 M in H2O was prepared, stored at 4 ºC in the dark and used for 

further dilution. Carrier electrolyte was prepared using formic acid (88%), 

which supplied from (Sigma Aldrich, Spain). Sulphuric acid 96% (H2SO4), 

nitric acid 65% (HNO3), hydrochloric acid 37% (HCl), sodium hydroxide 

(NaOH) were purchased from Panreac (Barcelona, Spain). Water was purified 

with a Milli-Q system (Millipore). Ammonium acetate and methanol were 

used for the preparation of sheath liquid, and CNTs was prepared using single 
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walled carbon nanotubes (SWNTs) (diameter between 0.9-1.2 nm and length 

10-30 µm), supplied from (Sigma Aldrich, Spain).  

 SWNTs were prepared by carboxylation method according to a 

previously described procedure [30]. A 10 ml of H2SO4/HNO3 mixture (3:1) 

with a concentration of 13.7 M and 3.5 M, respectively, was added to 50 mg of 

SWNT, the mixture was sonicated for 90 min. Then, the mixture was diluted 

with 1 L of water and filtered through cellulose acetate filter (0.45 µm). The 

obtained residue was then washed with water and treated with 12.5 mL of 1M 

HCl. Afterwards; the mixture was sonicated for 45 min. Finally, carboxylated 

derivate was filtered, washed and dried for use. 

 White tea samples were prepared by weighing 0.25 g of white tea, and 

it was extracted with 10 mL of distilled water at 80 °C for 25 min. Afterward 

the tea was cooled at room temperature, the sample solution was filtered 

through a 0.45 µm nylon filter membrane and treated as indicated in the 

section 3.2. 

 

III.4.2.2. Instrumentation  

 

 AAs separation was performed on an Agilent Model G1600AX (Palo 

Alto, CA, USA) CE instrument equipped with a DAD.  

 An Agilent 1200 Series evaporative light-scattering detector equipped 

with a new interface described below and additional pressure regulator 

(3.45.4-68.95 KPa) (Ingenieria Analítica, Spain) for coupling CE instrument 

were used. The CE equipment was also coupled to an Agilent 1100 Series 

LC/MSD system (equipped with a quadrupole analyser) via an electrospray 

atmospheric pressure ionization interface. The make-up flow of sheath liquid 
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was delivered by an Agilent 1100 isocratic pump, which was operated at a 

1:100 split ratio. CE-ELSD and CE-MS Instruments were configured and 

controlled, by using a Rev.B.04.01-481 of 3D-CE/MSD ChemStation software 

version (Agilent Technologies). 

 

III.4.2.3. CE-ELSD interface 

 

 Conventional ELSD detector, commercialized as a detector for HPLC, 

does not work if it is directly connected to the capillary of the CE equipment. 

It is necessary: (i) to close the electrical circuit for the electrophoretic 

separation; (ii) to accommodate the flow requirements for an efficient 

formation of the electrospray; and (iii) some, additional, minor adjustments. 

Figure III.4.1 shows the interface designed for CE-ELSD meeting these 

requirements. It is a stainless steel triple tube nebulizer, with some similarities 

with those used in CE–MS interfaces by ESI mode
 

[31], which was 

accommodated in a customized ELSD nebuliser chamber with stainless head 

connected to the CE chassis with a ground cable, in order to avoid electrical 

discharges. The triple tube nebulizer consists of a central tube (the CE 

capillary) surrounded by a second stainless steel tube, the sheath-liquid tube. 

The sheath-liquid flows between this tube and the inner CE capillary. Between 

the sheath–liquid tube and the third outer tube, or gas tube, flows the 

nebulising gas controlled by an additional pressure regulator compatible with 

CE-ELSD interface that contributes to control the nebulising process. The 

sheath liquid serves a dual function in the sprayer. First, it provides the means 

to complete an electrical circuit between the anode in the inlet vial and the 

metal of the sprayer, which is, in effect, the cathode. The sheath liquid 
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contacts both the metal sprayer and the buffer flowing out of the CE capillary. 

Second, the electrospray process is optimal at flow rates in the μ /min range 

and because the EOF in CE is in the order of 20–200 nL/min, there exists an 

obvious discrepancy between the EOF and the electrospray requirements. In 

order to match the effluent flow to the requirements for electrospray, a make-

up sheath liquid is provided by HPLC pump.  

 

 

Figure III.4.1. Scheme of the interface for coupling the CE equipment with the ELSD detector and 

scheme of the different connections. 

 

The capillary must be placed in the triple tube sprayer and positioned in the 

ELSD nebulization chamber in such a way that the capillary exit and spray are 

arranged to optimize transfer efficiency of the generated gas-phase ions into 

the ELSD. The degree to which the CE capillary exits the tube is also 

important and should not be more than approximately 1 mm. It is a simple 

arrangement in which the capillary end is at ground and the voltage is applied 

to the end-plates. In this set-up the applied field strength will be the voltage 
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applied by the CE instrument divided by the capillary length. This 

arrangement is simple and not requires any special electrical connections 

between the CE and ELSD instruments, such as the used means for interfacing 

condensation nucleation light scattering detection (CNLSD) with CE which 

use of a Nafion membrane or nebulizer coated with a metal for grounding the 

CE circuit system [29] which is more difficult to implement compared with 

the interface developed in this work, which is characterized by the ease closing 

of the electrical circuit, by connecting a ground cable between CE chassis and 

the head of the stainless steel nebulizer chamber. 

 

III.4.2.4. CE-ELSD conditions  

 

 Separations were carried out on fused-silica capillaries with 50 µm i.d. 

x 100 cm total length. Capillary was daily conditioned by washing with freshly 

prepared 0.1 M NaOH (30 min) followed by deionized water (20 min) and 

fresh running electrolyte (20 min). Capillary was also flushed with water for 3 

min, NaOH for 3 min, rinsed with water for 3 min before to be flushed with 

electrolyte for 5 min after each complete run. The electrolyte for the CE 

separation was 1.5 M formic acid at pH 1.5. Samples were introduced into the 

capillary by positive pressure at 5 KPa for 20 s (approximately 15.3 nL) [32]. 

The applied voltage was set at 25 kV, and the capillary temperature was 

thermostated to 25 °C. The sheath liquid was a 5 mM ammonium acetate in 

50% (v/v) methanol-water solution, flowed at 0.5 µl min
-1

. The ELSD was 

conducted with evaporative tube temperature adjusted at 65 °C, 

photomultiplier gain in 12 and nebuliser cell length of 12 cm. 
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III.4.2.5. CE-ESI-MS conditions 

 

 To confirm the obtained results by CE-ELSD, a modified previously 

described CE-MS method was used [33]. Separations were carried out on 

fused-silica capillaries with 50 µm i.d. x 100 cm total length. The electrolyte 

for the CE separation was a 1.5 M formic acid solution. Prior to first use, a 

new capillary was treated with the same conditioning treatment described for 

CE-ELSD capillary after and before the injection. Sample was injected with a 

pressure injection of 5 KPa for 8.0 s (~ 6.1 nL). The applied voltage was set at 

12 kV, and the capillary temperature was thermostated to 25 °C. The sheath 

liquid, which consisted of a 5 mM ammonium acetate in 50% (v/v) methanol-

water solution, was used at a flow rate of 10 µL/min. The sheath liquid was 

prepared freshly, on a weekly basis, in order to ensure stable electrospray in 

the ionization source. The operating conditions for ESI and MS were as 

follows: fragmentor voltage, 70 V; positive-ion polarity mode; nebulizer 

pressure, 41.37 KPa; N2 drying gas flow rate, 10 L/min; temperature, 300 ºC; 

capillary voltage, 4000 V. AAs were detected in the SIM mode from their 

[M+H]
+
 peaks (m/z 76 for Gly, 90 for Ala, 106 for Ser, 116 for Pro, 118 for 

Val, 175 for Arg and 205 for Trp in order to maximize the sensitivity. Peaks 

were quantified from their extracted ion chromatograms. 

 

III.4.3. Results and discussion 

 

 First, the electrophoretic method was optimized to adequately separate 

and quantify the studied AAs, and then cSWNTs clean-up procedure was 

designed and optimized to carry out the extraction of AAs from tea samples. 
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In this study, SWNTs were treated by a H2SO4/HNO3 mixture as described in 

Section 2.2.1, producing the cSWNTs. The acid mixture produces a chemical 

oxidation, generating many carboxylic groups at the open end of SWNTs, and 

their dispersion to individual fibers. Due to the difference in oxidative power 

between these acids, it was demonstrated that a similar effect of oxidation 

treatment was observed using concentrated nitric acid. However, it was less 

pronounced as that solution using the mixture of concentrated nitric acid and 

sulfuric acid [34]. 

 

III.4.3.1. Separation and detection conditions at CE–ELSD. 

 

 In CE, ionic species are separated on the basis of their charge and size; 

therefore, basic AAs and acidic AAs migrate in opposite directions at a 

medium pH range. To achieve the simultaneous determination of AAs, Soga 

[33] used a pH lower than 2.77. Since PI of these AAs range from 2.77 to 

10.76 [35] every AA was positively charged below a pH value of 2.77, and 

thus migrated toward the cathode, which is the direction of the ELSD 

interface. In cases where a low pH is necessary for separation by CE, volatile 

acids such as formic acid or acetic acid are commonly used in ELSD. 

Therefore, both acids were investigated as buffer at pH 2.5 in this study. The 

results indicated that formic acid is the suitable electrolyte for AAs because of 

its strong acidity, and at the concentration of 1.5 M provided better resolution 

and shorter analysis time.  

 The effect of pH on the EOF and the dissociation of the analytes in the 

running electrolyte and, therefore, on electrophoretic migration and resolution 

of the analytes was studied. The pH was varied between 1.5 and 3.0 using 
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formic acid as the running electrolyte solution at 1.5 M ionic strength. AAs 

migrated in the following order of increasing migration times: ARG, GLY, 

ALA, SER, VAL, TRP and PRO. From the pH-dependence of the apparent 

mobility of the seven studied AAs, a pH value of 2.0 resulted as the optimum 

for the separation.  

 The applied voltage for the separation was another important factor. 

Attempt was made to optimize the separation by using different applied 

voltages, ranging from 10 to 30 kV under the optimum conditions previously 

reported. The separation voltage directly determines the migration time, and it 

affects to the resolution. The migration time decreased with the increasing 

voltage. Based on the experiments, 25 kV was selected as the optimum voltage 

to accomplish a good compromise between the migration time and the 

separation efficiency. Probably due to Joule effect and the heating of the 

capillary, not very reproducible results were obtained at a higher potential than 

25 kV. Moreover, capillary temperature was also set at 25 °C and a good 

separation of AAs was performed. 

 Hydrodynamic injection was chosen because it gives more 

reproducible results than electrokinetic injection [36]. Time and pressure of 

injection were also optimized. A range from 5 to 30 s was tested and 

sensitivity increased with increasing time of injection. However, more than 20 

s resulted in no separation of GLY and ALA. Consequently, 20 s of injection 

time was utilized as an optimum value. Moreover, injection pressure was 

studied ranging from 3 to 5 KPa and according to the better sensitivities 

obtained for all the AAs, 5 KPa was selected as the optimum value. 

 The choice of the sheath liquid parameters is also very important in 

developing a method employing CE–ELSD. Three kinds of volatile salts, 5 
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mM each of formic acid, ammonium formate, and ammonium acetate, were 

dissolved in 50% (v/v) methanol-water, respectively, and each sheath liquid 

was investigated. When 5 mM ammonium acetate was used, the highest 

sensitivities were obtained for 7 AAs compared with other liquids. Therefore, 

it was selected as the volatile salt in the sheath liquid. The effect of flow rate 

of the selected sheath liquid was investigated over the range 4-10 µL/min. To 

avoid dilution problems in the CE–ELSD interface, and then to enhance 

sensitivity, the possibility of decreasing the flow rate of the sheath liquid was 

studied. However, flow rates lower than 5 µL/min resulted in current 

unstability and increasing the peak widths, that negatively affected the 

separation. Based on these experiments, a 10 µL/min value was selected as 

sheath liquid flow rate, in order to accomplish a good rely between sensitivity 

and the separation efficiency. The final results indicates that 5 mM ammonium 

acetate in 50% (v/v) methanol-water at 10 µL/min flow rate was the optimum 

conditions of the sheath liquid used for AAs analysis by CE–ELSD. 

 In ELSD, under fixed electrophoretic conditions, nebulizing gas flow 

rate (pressure) and evaporating temperature are the major instrumental 

adjustments available for maximizing detector response efficiency. In 

conventional ELSD system coupled to capillary liquid chromatography (CLC), 

ca. 350 KPa is a gas pressure that could be used while still enabling proper 

nebuliser operation. When used with CE no peak resolutions were obtained, 

and hence it was necessary to optimise the nebuliser pressure. Nebuliser 

pressure, ranged between 2.7 to 4.8 KPa, was tested in term of resolution and 

sensitivity (Figure III.4.2A). A nebuliser pressure value of 4.1 KPa was chosen 

as a compromise between sensitivity and peak resolutions for the seven 

studied AAs.  
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Figure III.4.2. Plot of peak signal (mV) as a function of (A) nebulizing gas pressure evaporator and 

(B) tube temperature for analyzed amino acids. 

 

 According to the theories of nebulization and light scattering, the 

intensity of light-scattering depends mainly on the size of the particle in the 

drift tube that passes through the detector and this depends on the size of the 

aerosol formed in the nebulisation process [37,38]. Very high temperatures 

decrease the signal of the analytes because smaller particles would enter the 

detector. As shown in Figure III.4.2B, temperatures ranging from 50 °C to 80 
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°C were tested by comparing peak area values. A drift tube temperature of 65 

°C was selected as optimal due to a complete solvent evaporation and an 

acceptable baseline noise. Moreover, photomultiplier gain of the ELSD was 

also tested in a range from 1 to 12. Separation of analytes was not affected by 

varying the gain, but signal of all analytes increased as photomultiplier gain 

value was higher. Thus, photomultiplier gain was set at a value of 12. 

Under established optimal conditions, standard mixture solutions were 

injected into the CE–ELSD system. As shown in Figure III.4.3, sensitive 

separation and detection of the seven AAs evaluated were obtained in less than 

20 min. 

 

Figure III.4.3. Electropherograms of 1 µM standard solution of AAs analyzed by CE-ELSD. CE-
ELSD conditions are detailed in the experimental section. 

 

III.4.3.2. cSWNTs clean-up procedure 
 

 The proposed method allows for the separation and determination of 

the analytes, but when applied to tea samples, a great number of interferences 
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appeared in the eletropherogram, which produced the interference in the 

determination of AAs, cSWNTs were used for this purpose. Chemical 

treatment, such as wet oxidation in concentrated acids, can cut the nanotubes 

and functionalize nanotubes surfaces with anchor groups such as hydroxyl (-

OH), carboxyl (-COOH), and carbonyl (O=C<), and the resulting cSWNT can 

be accessible to the expectable reactions. These cSWNTs presented a similar 

or higher adsorption capacity than those presented by SPE commercial 

cartridges [28]. The resulted cSWNTs was used to optimize the clean-up 

conditions by analyzing tea samples. 

 An amount of 50 mg of cSWNTs was put into a cartridge, with frits in 

both sides to hold the stationary phase. The cartridge was preconditioned with 

5 mL of methanol and equilibrated with 5 mL Milli-Q water at pH 8.0. Then, 

2.0 mL of white tea sample, previously extracted as described above, diluted 

1:5 (v:v) with water at pH 8.0, and was passed through the cartridge using a 

Vacuum manifold at a flow rate of 1 mL min
-1

. Finally, the tea sample was 

recuperated, and was put in the vial for analysis. The parameters affecting the 

performance of the clean-up, such as pH, mass of sorbent, were investigated. 

The pH plays an important role for removing matrix interferences using CNTs 

because the charge of the target analytes depends on it. pH of tea sample was 

investigated in 6 to 10 range, because under pH 6 any difference was 

observed. The clean-up was more effective by increasing the pH to 8, thus 

resolved peaks, free of matrix interferences were obtained. Therefore, sample 

was adjusted to pH 8 before analysis. The sample volume and amount of 

sorbent are dependent variables since they are directly related to the cSWNT 

capacity. The optimal amount of cSWNTs, used to eliminate the interferences, 

was optimized. For this purpose, different amounts of cSWNTs, ranging from 
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10 to 50 mg, were studied for the clean-up of 10 mL of tea sample. 

Interferences disappeared progressively when the amount of cSWNTs was 

increased from 10 to 30 mg. When the amount was higher than 30 mg, any 

significant clean-up improvement was obtained. Therefore, the optimal 

amount of CNTs was fixed at 30 mg. 

 SPE cartridge containing 30 mg of cSWNT conditioned, in sequence, 

with 5 mL of methanol and 5 mL of water (pH 8.0.) was performed. Then, 

10.0 mL of tea sample was passed through the cartridge at a flow rate of 1 mL 

min
-1

. Finally the solution was recuperated and injected for analysis under the 

optimized conditions of CE-ELSD system. The reusability of cSWNT sorbent 

was also studied, and the results showed that cSWNT can be used at least five 

times with the same extraction efficiency. 

 

III.4.3.3. Performance of the analytical method 

 

 Combined CE-ELSD with cSWNTs seemed to be an excellent way to 

determine AAs in tea samples, which provide the advantage of CE, with a 

previous clean-up step, as well the high selectivity and sensitivity achieved 

after cSWNTs treatment and ELSD coupled to CE. With ELSD, it was 

assumed that the response varies with the scattering domain, then the peak 

output signal Y (peak area) is a function of the mass of the scattering particles 

and generally follows an exponential relationship, which is shown in Eq. 1 

 

Y = k m
b
   (1) 
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where k and b are constants depending on experimental conditions such as 

nature and concentration of analytes, gas and liquid flow rates, nature of the 

mobile phase, the detector parameters [39], and the equation 1 reflect the non-

linear relationship between Y and m. In numerous recent works, ELSD is used 

for analyte quantification with a logarithmic linearization using the model log 

(Y) = log (k) + b blog (m) [40], this logarithmic equation shows that log (Y) 

has a linear dependence on log (m). Such mathematical transformation is 

allowed by International Conference on Harmonisation (ICH) [41] but leads to 

an experimental error distortion by simple data flattening [42]. Individual 

calibration graphs were run with standard mixtures of the seven AAs within 

the linear ranges 115-3125 pg (7.5–204.2 µg mL
-1

) depending the analysed 

analyte, and a fixed injected volume was 15.3 nL after the clean-up step by 

cSWNTs. Each solution was injected by triplicate. Table III.4.1 reports the 

figures of merit of the method, namely, linear range and sensitivity (as LOD 

for each individual AA using the linearized model described). In addition, for 

comparison purposes, it was included in Table III.4.1 some reported results 

from a previous study of AAs in tea samples [14]. The precision of the 

method, expressed as RSD, for the determination of each AA, was found 

within the 3.5–5.3% (n=10) range in all cases. The LOD, defined as the 

concentration of analyte giving a signal equivalent to the blank signal plus 

three times its standard deviation, was calculated using logarithmic form of 

equation 1 for each amino acid [43]. In this case, because the coincidence of 

the background signal with the blank signal, intercept values and their 

corresponding standard deviation from the logarithmic calibration equations 

were taken for LOD calculations taking into account the injection volume.  
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Table III.4.1. Calibration data and validation parameters obtained for the AAs determination by the 

proposed cSWNT-SPE-CE-ELSD method. 
L

O
Q

 (
µ

M
) 

8
.5

 (
3

.7
 m

g
 L

-1
) 

1
1

.5
 (

3
.9

 m
g

 L
-1

) 

6
.4

 (
2

.9
 m

g
 L

-1
) 

3
.1

 (
1

.9
 m

g
 L

-1
) 

2
.3

 (
1

.6
 m

g
 L

-1
) 

2
.0

 (
1

.5
 m

g
 L

-1
) 

7
.2

 (
3

.3
 m

g
 L

-1
) 

L
O

D
 (

µ
M

) 

1
.9

 (
1

.5
 m

g
 L

-1
) 

2
.1

 (
1

.5
 m

g
 L

-1
) 

1
.7

 (
1

.4
 m

g
 L

-1
) 

1
.4

 (
1

.2
 m

g
 L

-1
) 

1
.3

 (
1

.2
 m

g
 L

-1
) 

1
.2

 (
1

.1
 m

g
 L

-1
) 

1
.8

 (
1

.4
 m

g
 L

-1
) 

R
2
 

0
.9

9
6
3

 

0
.9

9
3
8

 

0
.9

9
6
6

 

0
.9

9
8
8

 

0
.9

9
9
4

 

0
.9

9
9
6

 

0
.9

9
6
6

 

Y
=

(A
±

S
A
) 

X
+

(B
±

S
B
) 

Y
=

(1
.0

5
8

9
±

0
.0

3
2

4
)X

+
(0

.2
6
8
5

±
0

.0
9

8
5
) 

Y
=

(0
.8

9
3

5
±

0
.0

3
5

4
)X

+
(0

.6
3
1
7

±
0

.0
9

4
9
) 

Y
=

(0
.8

5
3

4
±

0
.0

2
5

1
)X

+
(1

.0
7
5
6

±
0

.0
6

9
0
) 

Y
=

(0
.9

4
8

0
±

0
.0

1
6

5
)X

+
(0

.5
4
2
9

±
0

.0
4

6
6

 

Y
=

(1
.2

1
3

8
±

0
.0

1
5

3
)X

+
(0

.0
4
5
7

±
0

.0
4

4
1
) 

Y
=

(0
.9

1
4

0
±

0
.0

0
8

7
)X

+
(0

.6
8
7
7

±
0

.0
2

7
2
) 

Y
=

(0
.8

5
3

4
±

0
.0

2
5

1
)X

+
(0

.9
3
1
8

±
0

.0
7

3
2
) 

L
in

ea
r 

ra
n

g
e 

(µ
M

) 

2
6

6
.5
–

2
6
6

5
.3

 

1
1

4
.9
–

1
1
4

8
.6

 

1
3

6
.3
–

1
3
6

3
.1

 

1
6

0
.8
–

1
6
0

7
.9

 

1
7

9
.2
–

1
7
9

2
.4

 

3
1

2
.5
–

3
1
2

4
.7

 

2
0

0
.9
–

2
0
0

9
.0

 

A
A

 

A
rg

 

G
ly

 

A
la

 

S
er

 

V
a

l 

T
rp

 

P
ro

 

Y and X are the logarithmic values of area and mass of solute, respectively 



Electrophoresis 2013, 34, 2623–2631 

 

277 
 

Thus, the LODs obtained for the proposed method were in 1.2-2.1 pg (1.1–1.5 

mg L
-1

) range. LOQ, defined as the concentration of analyte giving a signal 

equivalent to the blank signal plus ten times its standard deviation using 

logarithmic form of equation 1 [43], were in the 2.0–11.5 pg (1.5–3.9 mg L
-1

) 

range. The LOQs obtained with this method were favorably comparable with 

those obtained by Wang et al. [44] using LC-DAD combined with SPE.  

 

III.4.3.4. Application to the analysis of tea samples 

 

The developed method was applied to the determination of AAs in tea 

samples. Tea is one of the most popular and widely consumed beverages in the 

world because of its refreshing taste, attractive aroma, and potential healthy 

benefit. Tea contains many kinds of amino acids, and their analysis is 

important, due to its medical and/or psychological effectiveness. The 

contained of AAs not only play an important role in determining its taste and 

quality, but also have been shown to influence the levels of norepinephrine 

and serotonin in brain and blood pressure, and their determination can be 

useful for further investigations and understanding of the biofunction of 

different tea samples.  Figure II.1.4.4A shows selected electropherograms of a 

white sample analysis obtained by the CE–ELSD and confirmed by the 

method described in the section 5.2 [33].  

 In the first place, white tea samples (0.25 g) were extracted with 10 mL 

of distilled water at 80 °C for 25 min. After the tea was cooled at room 

temperature, a sample solution was filtered through a 0.45 µm nylon filter 

membrane, diluted 1:5 (v:v) with buffer and directly injected into the CE–

ELSD system without being subjected to the cSWNTs clean-up step. Unstable 



Use of NMs as analytical tools for sample preparation in measurement processes 

 

278 
 

baseline and no analyte separation were obtained in the electropherogram 

(Figure II.1.4.4A) due to the presence of interferences in this extract of the 

white tea sample. However, when this sample was treated as described in 

Section II.1.4.3.2, a stable baseline and little interference were obtained.  

 

 

Figure III.4.4. Electropherograms of (A) white tea sample without cSWNTs clean-up step analyzed 

by CE–ELSD; (B) white tea sample analyzed by c–SWNTs and CE–ELSD and (C) white tea 

sample analyzed by cSWNTs and CE–MS. CE–ELSD and CE–MS conditions are detailed in 

Section 2. 

 

Figure III.4.4B shows the electropherogram obtained for this extract; Arg, Ala, 

Ser, Val and Pro were obviously detected. These analytes were confirmed by 
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their migration time and by analyzing the extract by the CE–MS (Figure 

III.4.4C). Then, the sample was spiked with Arg, Gly, Ala, Ser, Val, Trp and 

Pro, and analysed by CE–ELSD and CE–MS, in order to demonstrating the 

effective applicability of this proposed method and confirm the presence of 

these analytes in this sample (not illustrated). The quantitative levels of the 

studied analytes found in the white tea analyzed samples were ranged between 

1.0 and 3.5 mg g
-1

 (see Table III.4.2) and the majority of the concentrations 

obtained were in the agreement with those found in reference [14], and the 

differences can be explained in most cases by the different sample origin or 

the different extraction method employed. Finally, the accuracy of the 

proposed instrumental method and potential matrix effects were also studied 

by spiking these sample extracts with a known concentration and analyzed 

them. As can be seen in Table II.1.4.2, the spiked AAs and the value 

determined are in good agreement and high recoveries were achieved (92–

106%). With the HPLC method, since amino functional groups of every 

component in tea sample are derivatized and detected, their identification and 

resolution are problematic [43]. However, when used a cSWNTs as clean-up 

step and CE–ELSD as separation and detection, only the amino acid of interest 

with few additional peaks could be detected. Therefore, the reliability of the 

coupling, using an ELSD, and the selectivity of the developed method, are 

suitable for these types of applications.  
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Table III.4.2. Analysis of white tea sample by the proposed cSWNT-SPE-CE-ELSD method. 
 

Amino 

acids 

Conc. in the 

sample  

(mg g
-1

) 

Conc. 

Added  

(mg g
-1

) 

Recovery 

(%)  

for n=3 

Conc. (mg g
-1

) in white 

tea samples analyzed in 

the Ref. [14]  

Arg 1.63±0.14 0.50 95 1.09-2.70 

Gly not detected 1.00 92 Not determined 

Ala 1.65±0.17 0.50 98 1.17-2.09 

Ser 3.52±0.21 0.50 106 1.48-3.25 

Val 1.95±0.11 1.00 93 Not determined 

Trp 1.03±0.08 1.00 94 Not determined 

Pro 2.25±0.15 0.50 103 Not determined 

 

III.4.4. Concluding remarks 

 

 ELSD has been used as a detector to CE equipment. The interface 

developed for coupling both commercial equipments is based on a triple 

design sprayer containing three inputs which are mainly indispensible to 

facilitate a spray of sheath liquid, to ensure electrical circuit, and providing 

further points of optimization that contributes to a high reliability. Among the 

most remarkable advantages of the developed system are the commercial 

availability of the two separated equipments, and the fact that the customized 

interface is very handy and easy to perform. The developed system was used 

for the detection and determination of the non easily detectable analytes such 

as AAs, involving cSWNT as clean-up step for the elimination of existing 

interference in tea samples. The obtained results were satisfactory in terms of 

efficiency and sensitivity, thus the proposed method provides improved 

determination and identification of Arg, Gly, Ala, Ser, Val, Trp and Pro in tea 

samples. CE with ELSD can be expanded to the determination of these 
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analytes, and others non easily detectable, in different types of samples 

avoiding any derivatization step. 
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Their high surface area and chemical reactivity, together with its catalytic 

efficiency, excellent adsorption capacity and optical properties, make the 

nanopaticles as an excellent candidate for the use in the whole analytical 

process. The ability to bind specific ligands on their surface increases the 

selectivity and sensitivity of analytical methods. Nanoparticles can be used as 

a platforme able to their modification in order to improve sensitivity, rapidity 

of time-response and providing more stable signal. In addition to their use in 

sample treatment and instrumental separation the detection is the other step of 

the analytical process that can benefits from the exceptional properties of NPs. 

For these reasons, detection is the analytical step at which nanoparticles have 

been more widely used by virtue of their ability to replace conventional 

materials as well as the advantages of electrochemical biosensors. In this 

regard, due to the flexibility offered by their high surface area, adsorption 

capacity and optical properties derived from their plasmon resonance it should 

be noted that metallic nanoparticles (in particular gold nanoparticles) are one 

of the most potential nanomaterials used to increase the sensitivity of detection 

of several analytes.  

 This chapter, contain two developed works, which is devoted to the use 

of gold nanoparticles in the detection process in order to detect analytes of 

interest. 

 "Enantioselective discrimination of menthone enantiomers by using 

penicillamine-coated gold nanoparticles and circular dichroism 

detection". In this work the determination of menthone enantiomeric 

excess based on functionalizing gold nanoparticles by penicillamine 

enantiomers was achieved successufully measuring its optical rotation 

by circular dichroism.  
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 "Fluorescein-adsorbed gold NPs for automated and selective 

determination of cysteine in pharmaceutical formulations". This work 

disclose a selective detection of cysteine based on fluorescence 

quenching-based turn-on of gold nanoparticles after their coating by 

fluorescein. 
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A B S T R A C T 

 

The enantiodiscrimination of menthone compounds, as well as the enhancement of 

their optical rotation signal, was achieved in the presence gold nanoparticles 

(AuNPs). These effects were increased if AuNPs were previously modified with 

penicillamine. Under the optimal experimental conditions menthone enantiomers 

present a maximum ellipticity between the two optically active forms at a wavelength 

of 305 nm. The calibration curve of anisotropy factor (g) versus the enantiomeric 

excess was linear with a correlation coefficient (R2) of 0.9984. The precision 

evaluated by UV and circular dichroism (CD) signals was suitable in all cases (RSD < 

5%). The developed method was validated, showing interesting advantages in terms 

of simplicity, rapidity and precision in the enantiomeric resolution. Additionally, the 

method avoids the use of expensive chiral columns and other more sophisticated 

instrumentation, as it is the case of discrimination using liquid chromatography 

alternatives. It is suitable for both, the simultaneous determination of menthone 

enantiomers and for the analytical control of the chemical purity of (-)-menthone, 

which is the enantiomer of interest. 
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Chiral-gold nanoparticles; Penicillamine interaction; Circular dichroism 
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IV.1.1. Introduction 

 

 More and more Nanoscience and Nanotechnology are multidisciplinary 

areas showing an impressive growing in research and developments activities. 

The wide variety of nanostructures, with interesting characteristics, presents a 

great potential in different fields. Metallic nanoparticles (MNPs) are one of the 

most used. Among them, gold nanoparticles (AuNPs) have paid much 

attention from scientist, even since their discovery, compared to other MNPs 

[1,2], mainly due to their exceptional properties and behaviors compared to the 

bulk gold [3,4], as it has been demonstrated in various nanoscale applications, 

including chemical sensing, electronics, optics, and biology [5]. Additionally 

AuNPs are known to have affinity for some functional groups, such as cyano 

(CN), mercapto (SH), and amino (NH2) group; and, hence, protective 

polymers having such functional groups are expected to produce AuNPs with 

a quit narrow size distribution [5]. Taking advantage of this affinity, AuNPs 

have been coated with different simple organic compounds having these 

reactive functional groups, in order to achieve more stable AuNPs, as well as 

to modulate their properties (e.g. in catalysis processes), which is considered 

as one important property. Among all forms of catalytic selectivity, 

enantioselectivity is perhaps the most subtle and the most difficult to control 

[6], being directly related to the chirality. 

 In many scientific areas, chirality is one of the fascinating research 

topics with important practical consequences. It is a fundamental aspect of 

molecular structure, and the scientists have paid important efforts to expand its 

intriguing and important abilities [7]. Sometimes this aspect has a deep 

influence on the properties of the compounds. Thus, enantiomers quite often 
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exhibit different chemical and physical properties, as well as different 

biological activity [8]. Recently, a considerable interest and effort have been 

devoted to the synthesis and characterization of chiral, optically active MNPs 

capped with chiral organic ligands [9,10]. Thus enantioselectivity, and optical 

activity functionalities, could be imparted by introducing chiral organic 

moieties into MNPs. Using circular dichroism (CD), as an useful technique to 

study chiral molecules, the first studies of the optical activity of AuNPs (20-40 

atoms) coated to glutathione as a chiral ligand showed a strong optical activity 

exhibited by a formed nanocomposite [11], and the adsorption of a chiral 

molecule creates a locally chiral environment near the metal surface [12-15]. 

Thus a "chiral footprint", could be formed on the nonchiral surface [16].  

Taking into account that adsorbed molecules may also transfer chirality onto 

the electronic structure of the nonchiral metal [17], it has been exploited and 

shown that some of high Miller index surfaces of metals differently interact 

with the enantiomers of a chiral compound [18-22]. Then, the adsorption and 

long-range ordering of molecules on nonchiral metal surfaces gives another 

type of chirality [23,24]. This type of chirality was characterized to be similar 

in nature to those observed on chiral surfaces [25]. The produced interactions 

can be the origin of enantioselective chemical processes, enantiospecific 

sensing, and other applications. 

 In this work, the enantioselective discrimination of menthone using 

chiral penicillamine coated AuNPs. Menthone is a chiral compound found in 

various volatile oils, such as pennyroyal, peppermint and geranium. It is used 

in perfume and flavor compositions [26]. It is reported that (−)-menthone 

presents an analgesic effect, whereas (+)-menthone lacks analgesic and flavor 

properties [27,28]. Owing to the wide range of applications of menthone in 



Submitted to Microchemical Journal 

 

297 
 

food and drug production, the determination of enantiomeric excess (e.e.) is 

important from a quality control point of view, as well as for pharmacological 

studies and the evaluation of biosynthesis (in plants). Commonly, the 

enantiomeric excess of chiral compounds is determined by liquid 

chromatography (LC) on chiral stationary phase columns [29,30] using UV 

detection. However, such columns are expensive and samples require clean-up 

and preconcentration steps before LC analysis, in order to remove matrix 

materials (biofluids, foods) and obtain the desired sensitivity. The alternative 

approach presented here involves the use of CD spectroscopy for the direct 

determination of optical purity, and using capped AuNPs to achieve 

appropriate sensitivity. AuNPs were modified by racemic penicillamine or 

enantiomerically pure D- or L-penicillamine. They have been selected because 

thiols, in general, are known to strongly binding Au surfaces through 

deprotonation of the thiol group to form a thiolate. On Au surfaces, 

penicillamine has be show to be adsorbed by deprotonation of the thiol group 

producing a strongly thiolate bound, which also interacts with the surface via 

the amine group [31]. The formation of a thiolate is also known to be the case 

for AuNPs [32]. In this work, it was clearly demonstrated the potential of 

modified AuNPs for enhancing dichroism signal and improving the sensitivity 

in enantioselective determination of menthone. It was confirmed by studying  

the interactions of (-)-, (+)-menthone with free AuNPs or modified with D-, L-

, or rac-DL-pen, giving high CD signals in the case of rac-DL-pen coated 

AuNPs. 
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IV.1.2. Experimental section 

IV.1.2.1. Reagents, standards and samples 

 

Menthone isomers were supplied by Fluka (Buchs, Switzerland) with 

an enantiomeric purity greater than 99% for the (−)-enantiomer and above 

98.5% for the (+)-enantiomer. Standard stock solutions were prepared in 

ethanol (LC grade) supplied by Sigma–Aldrich (St. Louis, MO, USA). These 

solutions were stored at 4 ºC. Working standard solutions were prepared on a 

daily by dilution of stocks.  

Hydrogen tetrachloroaurate tetrahydrate (HAuCl4 4H2O, 99%), sodium 

citrate (HOC(COONa)(CH2COOH)2), sodium borohydride (NaBH4, >90%) 

were supplied by Sigma–Aldrich (St. Louis, MO, USA). Enantiopure D- or L-

penicillamine (Me2-C(SH)-CH(NH2)COOH, 99%) abbreviated as D-Pen or L-

Pen, respectively and racemic DL-penicillamine 97% abbreviated as DL-Pen 

(97%) were received from Sigma–Aldrich (St. Louis, MO, USA). Water was 

purified with a Milli-Q system (Millipore). 

 

IV.1.2.2. Preparation of menthone-chiral penicillamine-coated 

AuNPs 

 

The synthesis process of chiral penicillamine-coated AuNPs is 

summarized in Figure IV.1.1, and it was adapted from a procedure previously 

described by Jana et al. [33] in the preparation of cysteine-coated AuNPs. The 

method used for coating AuNPs with penicillamine consisted in exposing 

AuNPs to penicillamine during their synthesis. Three types of penicillamine 
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coatings were used for the different experiments: D-Pen, L-Pen, and rac-DL-

Pen.  

 

Figure IV.1.1. Scheme of the synthesis of penicillamine-coated AuNPs.  

 

A 15 mL aqueous solution of 0.33 mM gold (III) chloride and 0.33 

mM sodium citrate was prepared in round-bottom flask. Then, 0.6 mL of ice-

cold 0.1 M sodium borohydride solution was slowly added. Then the sodium 

borohydride solution was added, and afterwards the injection of 5 mL of 0.6 M 

penicillamine. The solution was stirred for 2 h at room temperature, until the 

solution changed from red to deep purple color. Then, the solution was stored 

overnight in a glass vial wrapped in aluminum foil to prevent light 

degradation. The penicillamine-coated AuNPs solution was diluted prior to 

use (1 mL solution in 5 mL of water). 

For the measurements of menthone enantiomers, 1 mL of diluted 

penicillamine-coated AuNPs (150 µM) described in the previous section was 

put into a calibrated flask. Then, 1 mL of (-)-menthone or (+)-menthone 

solution in ethanol (pH 8) was added. Before measurements, this solution was 
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sonicated (10 min in the ultrasound bath; 50 W, 60 Hz) in order to assure the 

interaction menthone-penicillamine-coated AuNPs.  

 

IV.1.2.3. Circular dichroism measurements 

 

Samples were analyzed using a Jasco CD-2095 Circular Dichroism 

HPLC detector (Tokyo, Japan) that can simultaneously measure both CD and 

UV absorption in the 220-420 nm range. The sample was located in a new 

home-made customized sample-cell for direct determination of optical purity 

(Figure IV.1.2). Standard commercial sample-cell was replaced by the home-

made including a compartment incorporating magnetic stirring (see picture in 

Figure IV.1.2C), that allowed to perform spectrum measurements of colloidal 

solutions. This compartment is equipped with adsorption quartz cell of 10 mm 

path length and 2000 µL inner volume from Hellma (Mülheim, Germany) and 

magnetic stirrer from Thermo Electron LED GmbH (Niederelbert, Germany). 

Before use, the overall Jasco CD-2095 instrument, equipped with the new 

compartment cell, was calibrated with an aqueous solution of ammonium d-

10-camphorsulfonate (0.06%) and D-(-)-pantolactone (0.015%), at the 220 nm 

to 420 nm wavelength region (10 mm path-light cell) [34]. ChromNAV, 

Spectra Manager and Spectra Analysis softwares were used, for the 

instrumental control and for CD and UV data collection and analysis. 
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Figure IV.1.2. (A) Scheme of optical components of Jasco CD-2095 chiral circular dichroism. (B) 

Standard cell of Jasco CD-2095. (C) Picture of the homemade customized sample cell. 

 

IV.1.2.4. g-factor and quantification strategy 

 

A CD spectrum exhibits the difference of two absorption spectra (ΔA): 

one measured with left-circularly polarized light and the other one with right-

circularly polarized light, and expressed as ΔA=Δε.C.l, where Δε, C and l 

denote the molar dichroic absorption, the solute concentration, and the optical 

path length, respectively. Because the ellipticity θ (in degrees) can be 

expressed as 33 x ΔA, the anisotropy factor (or g-factor), defined as g=Δε/ε, 

can be estimated from θ/(33xA), where ε  and A are the ordinary molar 

extinction coefficient and the absorbance under the conditions, respectively.  
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For quantification with CD technique, firstly, the total concentration of 

menthone was determined with direct calibration with menthone standards. 

Secondly, the linearity of the calibration curves was estimated by plotting the 

g factor versus the enantiomeric excess [35] in the −100 to +100% e.e. ranges. 

Eutomer and distomer concentrations were adjusted in order to obtain the 

concentration of menthone found in the analyzed sample. The enantiomeric 

excess is related to the excess of one enantiomer compared to the other, and it 

is determined as follows [35]: 

 

 

 

where [(+)] and [(-)] are the concentrations of the (-)- and (+)- enantiomers, 

respectively. 

 

IV.1.3. Results and discussion 
 

IV.3.1. Optically activity of the synthetized penicillamine-coated 

AuNPs 

 

Circular dichroism of penicillamine-coated AuNPs were measured to 

confirm the immobilization of the penicillamine onto the AuNPs. 1 mL of 

diluted penicillamine-coated AuNPs solution was added into quartz cuvette, 

and 1 mL of ethanol was also added. The cuvette was placed in the home-

made customized cell sample compartment, and the solution was mixed by 

magnetic stirring for 5 min. Circular dichroism (CD) studies of these 

synthetized particles gave particularly striking results.  
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D- and L- penicillamine stabilized particles, producing the 

corresponding mirror image CD scans (Figure IV.1.3C and IV.1.3D), while 

the particles prepared with a racemic mixture showed only a weak signal 

(Figure IV.1.3E). The CD spectra observed is quite different from that of the 

free D- and L- penicillamine which show, as expected, a near symmetrical 

image with maxima/minima at 250±2 nm (Figure IV.1.3A and IV.1.3B). 

However, the CD spectra of D- and L- penicillamine-coated AuNPs have 

maxima/minima at 285± 2 nm (Figure IV.1.3C and IV.1.3D), higher 

wavelengths than those for the penicillamine ligands. 

 

 

Figure IV.1.3. CD scans of the free D-pen (line A), free L-pen (line B), D-pen coated AuNPs (line 

C), L-pen coated AuNPs (line D) and rac-DL-pen coated AuNPs (line E). 

 

 Menthone is a naturally occurring organic compound with a C10H18O 

molecular formula. The absorbance (AU) and the circular dichroic signal (CD) 

were measured in order to know the g factor values (Table IV.1.1) of the free 

(-)-menthone, free (+)-menthone, AuNPs-(-)-menthone, AuNPs-(+)-menthone, 

rac-DL-pen coated AuNPs-(-)-menthone and rac-DL-pen coated AuNPs-(+)-

menthone. CD and UV spectra of these enantiomers are shown in Figure 

IV.1.4. As expected, in all case and at the opposite, CD spectra of two 
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analyzed enantiomers have the same magnitude but with the opposite sign.  

 

Figure IV.1.4. UV-Vis and CD scans of the free (-)-menthone (line A), free (+)-menthone (line B), 

AuNPs-(-)-menthone (line C), AuNPs-(+)-menthone (line D), rac-DL-pen coated AuNPs-(-)-

menthone (line E) and rac-DL-pen coated AuNPs-(+)-menthone (line F). 

 

The CD spectrum of each enantiomer of free menthone featured two intense 

bands at 275 nm and 320 nm. As UV absorbance of menthone was higher at 

275 nm than at 320 nm, g factor was highest at 275 nm (for (-)-menthone form 

(g-factor= -0.125 at 275 nm and 0.085 at 320 nm). These experiments also 
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show that each AuNPs and rac-DL-pen coated AuNPs interacts with (-) and 

(+)-menthone and produced the enhancement of CD signals. When the AuNPs 

or rac-DL-pen coated AuNPs were added to (-)- and (+)-menthone, the CD 

bands were slowly displaced and CD signal increase inducing an improvement 

of the g factor (Table IV.1.1). UV and CD signals were monitored at 305 nm 

using rac-DL-pen coated AuNPs as additive to menthone enantiomers in the 

next experiments, because it presented better signal for CD and a higher g-

factor. 

 

Table IV.1.1. UV, CD and g-factor of menthone enantiomers. 

 

 

Menthone 

 

Compounds 
λ 

(nm) 

UV 

spectrum 

(AU) 

CD 

spectrum 

(deg) 

g-

factor 

(-
)-

m
en

th
o
n

e Free 
275 0.375 -0.125 -0.0101 

320 0.270 +0.085 +0.0095 

AuNPs 
273 0.320 -0.049 -0.0046 

305 0.450 +0.149 +0.0100 

rac-DL-pen coated 

AuNPs 

273 0.245 -0.150 -0.0186 

305 0.380 +0.285 +0.0227 

(+
)-

m
en

th
o

n
e Free 

275 0.376 +0.150 +0.0121 

320 0.272 -0.078 -0.0087 

AuNPs 
273 0.319 +0.055 +0.0052 

305 0.449 -0.148 -0.0100 

rac-DL-pen coated 

AuNPs 

273 0.244 +0.055 +0.0068 

305 0.378 -0.284 -0.0228 

 

IV.1.3.2. Optimization of variables 

 

Prior to the application of the proposed method, optimal values of the 

parameters producing variability of the measurements were selected. The 
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parameters affecting the enhancement of CD that conduct the highest of g-

factor, such as, AuNPs concentration, penicillamine concentration, pH and 

time of reaction were investigated. When one parameter was changed the other 

parameters were fixed at their optimal values. The range values of these 

variables and the selected optimum values are shown in Table IV.1.2.  

 

Table IV.1.2. Operating conditions for enantioselective determination of menthone. 

 

Variable Studied range Optimum value 

AuNPs concentration (µM) 0-100 75 

Penicillamine concentration (µM) 25-100 75 

pH 3.5-11.5 8 

Time of reaction (min) 0-50 20 

 

IV.1.4. Validation of the method 

 

A validation procedure was performed in order to check the 

performance of the use of rac-DL-pen coated AuNPs for CD enhancement and 

enantioselective determination of menthone. Precision, accuracy, linearity, 

LOD and LOQ were determined. All measurements were carried out using the 

modified Jasco CD-2095 Circular dichroism at the fixed 305 nm wavelength. 

In order to investigate the linearity of the CD detector, calibration curves were 

plotted as maximum absorbance/dichroism (AU/deg) at the fixed 305 nm 

wavelength versus concentration of each enantiomer. The tested 

concentrations were 10, 25, 50, 70, 90 and 100 mM. The limit of detection 

(LOD) and quantification (LOQ), defined as the concentrations of analytes 

giving a signal equivalent to the blank signal plus three and ten times its 



Submitted to Microchemical Journal 

 

307 
 

standard deviation respectively, were calculated [36]. The corresponding 

regression equation and other characteristic analytical parameters for the 

determination of these enantiomers are shown in Table IV.1.3. The precision 

of the method, expressed as RSD, for the determination of 50 mM of each 

enantiomer, was in all cases <5 % (n = 11). 

 

Table IV.1.3. Analytical characteristics of the rac-DL-pen coated AuNPs method obtained for 

absorbance and dichroism signals (for details, see text). 
 

Signal Absorbance (AU) Dichroism (deg) 

Enantiomer (-)-menthone (+)-menthone (-)-menthone (+)-menthone 

Linear range 

(mM) 

 

10-100 
 

10-100 
 

10-100 
  

 10-100 

Y=aX+b (0.0078±0.0001)X 

-(0.0120±0.0064) 

0.0078±0.0001)X  

-(0.096±0.0060) 

(0.0060±0.0000)X 

 -(0.0147±0.0031) 

(0.0060±0.0001)X 

+(0.0113±0.0039) 

R2 0.9994 0.9995 0.9998 0.9996 

Sy/x 0.0077 0.0073 0.0037 0.0047 

LOD (mM) 2.96 2.79 1.86 -2.35 

LOQ (mM) 9.85 9.29 6.21 -7.83 

RSD (%) 4.5 4.6 5.0 4.9 

 

 On the other hand, as described previously in the g-factor and 

quantification strategy section, the linearity of the calibration curves was 

estimated by plotting the g factor versus the enantiomeric excess in the −100 

to +100% e.e. range. Eutomer and distomer concentrations were adjusted in 

order to keep the total concentration of menthone constant at the concentration 

25 mM. The linearity of the plot of g factor versus enantiomeric excess levels 

distributed over the range from −100 up to +100 is shown in Figure IV.1.5 for 

a series of 15 e.e. levels: -100, −90, -75, -60, -50, -30, -10, 0, +20, +25, +40, 

+50, +75, +80 and +100% from 25 mM of menthone. The maximum 
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anisotropy factor (g-factor) obtained for pure enantiomer was 0.023. The 

regression was found to be linear over the whole enantiomeric excess range.  

 
Figure IV.1.5. Linearity of the anisotropy factor (g-factor) vs. the enantiomeric excess of the (+)-

menthone; total menthone concentration, 25 mM. 

 

In order to check the validity of the method, different synthetic samples (25 

mM of menthone) were prepared using different enantiomeric  excess levels of 

the (−)-menthone enantiomer. The results are reported in Table IV.1.4 and it 

can be seen that good agreement was obtained between added and found e.e. 

levels using this method. 

 

Table IV.1.4. Determination of enantiomeric excess of menthone in synthetic samples. 

 e.e. (%) added e.e. (%) found     Error (%) 

-60.00 -57.18  ± 1.81 -4.93 

-30.00 -30.45 ± 1.73 +1.48 

+35 +36.16 ± 1.75 +3.21 

+25 +24.68 ± 1.72 -1.30 

+60 +59.12 ± 1.83 -1.49 
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IV.1.5. Conclusions 

 

This work clearly reveals the potential of metal NPs to serve as 

enhancing dichroic signal of enantiomers. This has been illustrated by study of 

the interactions of (-)-, (+)-menthone with free AuNPs or modified with D-, L-

, or rac-DL-pen. In the case of rac-DL-pen coated AuNPs, better sensitivity 

was obtained (2.27±0.01 and 2.38±0.24 higher than the CD signal obtained 

with free menthone enantiomers and menthone enantiomers in the presence of 

AuNPs, respectively). For the first time, a simple method based on the use of 

AuNPs and CD detection, without using chiral HPLC separation, has been 

applied to enantioselective separation of menthone, and can replace the 

classical HPLC approach (i.e. chiral stationary phase and UV detection). 
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A B S T R A C T 
 

A new method for the fluorimetric determination of L-cysteine (L-cys) in wound care 

dressings, based on the use of coated fluorescein gold nanoparticles is proposed. The 

procedure was performed using a continuous flow manifold to automate the whole 

process improving the precision.  An aqueous solution containing gold nanoparticles 

(AuNPs), with a size of 10.5±1.2 nm, non-covalently adsorbed to fluorescein (FL), 

was used for L-cys sensing. The fluorescence of FL-AuNPs compound is lower than 

the FL fluorescence, and it was increased in the presence of L-cys, due to the 

fluorescence resonance energy transfer (FRET). The fluorescence of the solution 

containing FL-AuNPs was improved by a factor of 7.5 after the addition of L-cys. 

This effect was not observed when other amino acids were added. The enhancement 

of fluorescence emission intensity was used for the determination of L-cys 

concentration. Good linearity was observed from 100 to 500 µg L-1 of L-cys, and 

detection limit was found to be 12.71 µg L-1 (S/N=3). The proposed method was 

successfully applied to determine L-cys in wound care dressings. 

 

K E Y W O R D S 
 

Coated gold nanoparticles; Fluorescein; Fluorescence resonance energy transfer; L-

cysteine, wound care dressings. 
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IV.2.1. Introduction 

 

 L-cysteine (L-cys) is a thiol-containing amino acid (AA), synthesized 

from methionine and serine in blood, which plays a vital role in human 

nutrition. It has been widely used in food and pharmaceutical industries as 

both an antioxidant and a biomarker [1], and has a positive effect on wound 

healing [2]. This AA is involved in important physiological functions, such as 

anti-oxidation, anti-aging and detoxification [3,4]. Therefore, L-cys deficiency 

could be the cause of many syndromes, such as edema, lethargy, liver damage, 

muscle and fat loss, slowed growth, and skin lesion [5]. Due to its fundamental 

importance in biological systems, detection of L-cys is of great importance. 

Therefore, the development of rapid and sensitive methods for the 

determination of its content in pharmaceuticals, urine, serum, and blood 

plasma is an important task in analytical chemistry. 

In order to detect and quantify L-cys, several methods have been reported 

using flow injection analysis (FIA) [6,7], and including colorimetry [8], 

electrochemistry [9], high-performance liquid chromatography (HPLC) [10], 

chemiluminescence [7], gas chromatography–mass spectrometry (GC-MS) 

[11], capillary electrophoresis (CE) [12], spectrophotometry [13]. The 

majority of the referred methods, in spite of good sensitivity, require 

sophisticated instrumentation, sample derivatization step before the injection 

(case of chromatographic methods), expensive biological reagents, 

cumbersome sample preparation, and long time for reactions and analysis. 

Recently, fluorescence has become a primary methodology in life sciences 

because of its sensitivity, ease of use, and versatility [14]. As sensitive, 

specific, rapid, non-destructive [15], either cost-ineffective, complicated or 
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time-consuming technique [16], it has also been extensively used for L-cys 

determination [17,15]. 

The development of new sensitive, fast and simple practical methods, 

involving easily available equipment in many laboratories, including the 

potential use of nanoparticles (NPs) for the determination of L-cys is still in a 

great demand. Among the wide variety of nanomaterials used in various 

nanoscale applications, gold NPs (AuNPs) have received great attention from 

the researchers, with respect to other metal NPs (MNPs) [16,18]. Therefore, 

AuNPs are one of the most versatile and widely investigated materials for 

optical sensing, including colorimetric, fluorescent, resonance light scattering, 

chemiluminescent and surface-enhanced Raman scattering techniques [19]. 

AuNPs present unique properties, such as surface enhanced Raman scattering 

[20], surface plasmon resonance, [21] and fluorescence enhancing and 

quenching effects [22,23]. AuNPs were used in development of fluorescence 

resonance energy transfer (FRET) [24,25], for determination of several 

analytes such as DNA [26], thrombin [27], iodide and iodate [28], thiol-

containing molecules [29], melamine [30], and metallic ions [31] among 

others. Mie theory claims that small particles quench fluorescence by 

increasing absorption, whereas larger particles enhance fluorescence by 

enhancing scattering [32]. Thus, when a fluorophore is within 5 nm of the 

surface of MNPs, quenching dominates over the increase in fluorescence 

intensity. If a fluorophore is at 10 nm or larger distance, the increase in 

fluorescence signal dominates over quenching and reaches a maximum at a 

certain distance. At larger metal-fluorophore separations, the enhancement of 

fluorescence gradually decreases [33]. It means that the FRET depends on the 

size of the metal and the distance between this one and the fluorophore. The 
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intensity quenching is seldom due to electron and energy transfer processes, 

which involves the surface energy transfer from the molecules to NPs. 

The proposed method takes the advantage of the strong affinity characteristics 

of the thiol group towards the surface of the AuNPs, and the observed effect of 

this metal on fluorescence intensity of fluorescein. Additionally, the use of 

continuous flow system introduced the simplification of solutions handling, 

offering the advantages of rapid analysis, stable experimental conditions, low 

contamination risk and low consumption of reagents [6]. In this work, we 

developed a simple, sensitive and selective method for detection of L-cys 

based on FL–modified AuNPs (FL–AuNPs) quenching, achieving good 

selectivity in the presence of 19 others AAs. 

 

IV.2.2. Experimental 

IV.2.2.1. Reagents, standards, solutions and sample preparation 

 

 L-Cysteine ≥97%, hydrogen tetrachloroaurate tetrahydrate (HAuCl4 

4H2O, 99%), trisodium citrate dihydrate (C6H5 Na3O7 2H20; ≥99%), sodium 

fluorescein salt, sodium chloride (NaCl; 99.5%), potassium chloride (KCl; 

99%) were purchased from Sigma Aldrich (St. Louis, MO, USA, 

http://www.sigmaaldrich.com) and used as received. Disodium hydrogen 

phosphate (Na2HPO4; 98-100%), and potassium dihydrogen phosphate 

(KH2PO4; 99%) were supplied by Panreac (Barcelona, Spain, 

http://www.panreac.es/index.php).  

 The used amino acids for interference studies were supplied from 

Sigma-Aldrich (St. Louis, MO, USA, http://www.sigmaaldrich.com). A 

standard stock solution of L-cysteine at 1 g L
-1

 was prepared in pure water and 
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stored at 4 ºC in the dark and used for further dilutions. Phosphate-buffered 

saline (PBS; pH 9) was prepared by dissolving Na2HPO4 (0.71 g), KH2PO4 

(0.68 g), KCl (0.37 g) and NaCl (0.29 g) in H2O (0.5 L). 

The pH was adjusted using HCl or NaOH, to values of pH ranging from 3.5 to 

11.5. Water was purified with Milli-Q system (Millipore, Molshem, France, 

http://www.millipore.com). 

 For the determination of L-cys in the samples, a preparation containing 

this compound was used. In this case a sterile impregnated dressing 

(Tulgrasum Cicatrizante) made in Desma Laboratorio Farmaceutico Sit 

purchased from a Spanish pharmacy, containing 35.6 µg of L–Cys in each 

cm2, was used as the sample. One of the dressings was opened, dissolved in 

100 mL of Milli-Q water, and sonicated for 15 min. The prepared solution was 

diluted for 40 times and mixed with Fs-AuNPs for analyzing L-cys–containing 

drug by the developed flow procedure. 

 

IV.2.2.2. Instrumentation 

 

 Fluorescence emission spectra were measured on a Photon Technology 

International (PTI, New Jersey, http://www.pti-nj.com) Inc. Quanta MasterTM 

40 spectrofluorometer equipped with a 75–W continuous xenon arc lamp was 

used. An ASOC–10 USB interface FeliXGX software was used for 

fluorescence data acquisition and also for controlling the hardware of the 

whole system. The slits for excitation and emission widths were both 0.25 nm. 

All UV–Vis spectra were obtained on a SECOMAM UVI Light XS 2 

spectrophotometer (SECOMAM SAS, France, http://www.secomam.fr) 
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equipped with a LabPower V3–50 for absorbance data acquisition. Optical 

measurements were performed using 10 mm quartz cell at room temperature. 

 A single channel flow manifold, connected to a flow–through cell for 

ultra–low volumes (Hellma Analytics–Germany, http://www.hellma-

analytics.com) were used, as it is shown in Figure 1. A peristaltic pump Gilson 

Minipuls 3 (Villiers Le Bel, France, http://www.gilson.com), was used to 

propel the sample/standards at a flow rate of 1.8 mL min-1.  

 Transmission Electron Microscopy (TEM) analysis was carried out 

with Philips CM-200 (Amsterdam, Netherland). 

 

 

Figure IV.2.1. Flow manifold used for determination of Cys by the proposed method. 

 



Use of NMs as analytical tools involved in detection of measurement processes 

 

322 
 

IV.2.2.3. Synthesis of colloidal AuNPs 

 

 All the glasswares used in the procedures were soaked and cleaned in a 

bath of freshly prepared aqua regia, 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 following the modified method pioneered by 

J. Turkevich et al. [28,34] in which a 50 mL solution containing 1mM of 

HAuCl4 was prepared and heated under reflux. At the boiling point, 5 mL of 

35 mM trisodium citrate was added to the this solution under vigorous stirring 

and the mixture was heated under reflux for an additional 30 min, during 

which 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 4ºC for further utilization. Figure IV.2.2 shows the size distributions 

and TEM image of these prepared AuNPs.  

 

 

Figure IV.2.2. TEM images and size distributions with average diameter of synthesized AuNPs. 
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The particle concentration of AuNPs solutions was estimated to be 2.9 nM 

according to Beer's law and the extinction coefficient (ε) of AuNPs at 520 nm, 

which is 2.78×108 M
-1

 cm
-1

 [28]. 

 

IV.2.2.4. Preparation of FL-AuNPs 

 

 A stock of solution of 40 mM of FL was prepared in 1 mM of PBS 

solution at pH 9. Then, a 2.5 µL of the prepared FL was added to the 12 mL of 

synthesized AuNPs, and the final volume of mixture was adjusted to the 50 

mL with Milli–Q water. The resulted mixture was equilibrated at the ambient 

temperature for 24 h before its use. 

 

IV.2.3. Results and discussions 

 

 FL was bound on the surface of AuNPs acting as a quenching agent for 

the fluorescence of the attached fluorophore, as results of FRET. In the 

presence of L-cys, which presents much stronger affinity to AuNPs, it causes 

the detachment of the fluorophore molecule from the surface of AuNPs 

(Figure IV.2.3), and consequently the fluorescence intensity increased [28]. As 

shown in Figure IV.2.3, the fluorescence of FL was quenched in the presence 

of AuNPs. However, by addition of Cys, the fluorescence intensity was 

enhanced again. To optimize the fluorescence signal, all the critical parameters 

affecting the fluorescence variation, such as pH, reaction time, FL and AuNPs 

concentrations, were studied. 
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Figure IV.2.3. Illustration of the reaction between FL-AuNPs and Cys. And fluorescence emission 

spectra of: (A) FL; (B) FL-AuNPs; (C) FL-AuNPs in presence of Cys. 

 

IV.2.3.1. Optimization of experimental variables 

 

 The fluorescence intensity of FL–AuNPs was studied by varying the 

concentration of FL from 0.15 to 1.25 µM. It was studied the optimal 

concentration at which all molecules of FL existing in the reaction medium 

will be attached on the surface of AuNPs, without leaving free FL molecules 

in solution. As can be observed in Figure IV.2.4A, the fluorescence of FL 
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dramatically increased upon increasing the concentration up to 0.25 µM. This 

fact can be explained by the presence of free FL molecules more than those 

needed for saturation of the NPs surface. Moreover, the fluorescence was 

significantly quenched when the concentration was at 0.20 µM. This fact can 

be associated to the total loading of FL molecules on the NPs surface. Then, a 

concentration of 0.20 µM was chosen as the optimum for the study of the other 

experimental variables. 

Fluorescence intensity is obviously depending on the pH variation. pH 

of the solution might play an important role in the sensitivity of the method 

because it affects the adsorption and desorption of FL on AuNPs surface. This 

parameter was varied from 3.5 to 11.5, as it is shown in figure 4B.  In the 

presence of L-cys, the fluorescence of the Fl-AuNPs increased upon increasing 

the pH. Above the pH value of 9 the signal decreased slightly. It could be 

suggested that the pH might affect to the adsorption and desorption of FL and 

L-cys on AuNPs surface. Because the pKa value of thiol group of L-cys is 8, at 

pH 9 the thiol group is negatively charged and L-cys is able to be adsorbed 

onto the negatively charged AuNPs through Au-S bonding. This process 

displaces FL from the NPs surfaces to the reaction medium, dramatically 

increasing the fluorescence intensity [35]. Finally, a pH 9 was chosen as the 

optimum value, and it was kept constant for the optimization of the rest of 

parameters. 

The concentration of AuNPs was another critical parameter which 

affects to the sensitivity of the developed method. A study of AuNPs 

concentration from 0.01 to 0.87 nM was carried out for checking its influence 

on the signal in the presence of L-cys. As it is shown in Figure IV.2.4C, the 

signal was gradually decreased by increasing the concentration of AuNPs 
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(from a 0.07 nM value), which confirms the presence of more acceptors in the 

solution.  

 

 
 

Figure IV.2.4. Effect of the experimental variables on the intensity fluorescence: (A) FL 

concentration in the presence of AuNPs (0.07 nM) at pH 9; (B) pH in presence of FL (0.2 µM), and 

500 µg L-1 of Cys; (C) AuNPs concentration in presence of 500 µg L-1 of Cys, and 0.2 µM of FL at 

pH 9. 



Submitted to Microchemica Acta 

 

327 
 

 

The opposite effect of high AuNPs concentration is probably due to the 

collisional encounter leading to an increasing of collisional quenching of the 

removed FL [36]. Then, a value of 0.07 nM was fixed as the optimum value 

for AuNPs concentration, at which the maximum fluorescence was reached. 

Obviously, the adsorption and the desorption processes required enough 

time to achieve a high fluorescence. For this purpose, a study on the reaction-

time was carried out after the addition of L-cys. The best result was obtained 

at 5 min, which was fixed as the time of measurement initiation after the 

mixture.  

 

IV.2.3.2. Interference study 

 

 The selectivity of the method with respect to other potential AAs 

present in samples was studied. For this purpose it was used a mixture of the 

rest of 19 natural AAs. The study was achieved through the analysis of a 

standard solution of L-cys (500 µg L
-1

) in the presence of 19 other AAs at 50 

mg L
-1

. However, at pH=9 methionine (Met) presented a significant 

interference at 50 mg L
-1

 level.  For this reason, an additional study of pH in 

the 3.5–11.5 range was carried out using a mixture containing L-cys and Met 

in solution, with the objective of discriminating between both AAs. The results 

showed that at pH 7.5, Met has a lower competition to bind to the AuNPs than 

L-cys. Therefore, a definitive interference study was carried out at this pH 

value. Thus, Figure IV.2.5 demonstrates that there is not any interference of 

the rest of AAs for the determination of L-cys, in a concentration level of 100 

times smaller than the essayed AAs, working at pH 7.5. These results clearly 
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showed that FL functionalized with AuNPs presented a high selectivity to L-

cys at this pH. Therefore, a pH value of 7.5 was for analytical purposes, 

resulting in a selective fluorometric method for L-cys. 

 

 

Figure IV.2.5. Study of interferences: FL-AuNPs in the presence of 500 µg L−1 of Cys and 50 mg 

L−1 of the other 19 AAs under optimized conditions. 

 

IV.2.3.3. Analytical figures of merit 

 

 Analytical performance characteristics of the proposed method were 

evaluated under the optimum experimental conditions. FIAgrams were 

obtained, by triplicate injections, for the calibration graph. L-cys standard 

solutions was prepared in the range of 100–500 µg L
-1

. The corresponding 

regression equation and other characteristic analytical parameters for the 

determination of L-cys are shown in Table IV.2.1. The theoretical limit of 

detection (LOD), expressed in µg L
-1

, and defined as the concentration of 

analyte giving a signal equivalent to the blank signal plus three times its 
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standard deviation, was calculated for Cys [37]. In this case, because the 

coincidence of the background signal with the blank signal, intercept value, 

and their corresponding standard deviation from the calibration equations were 

taken for LOD calculations. Thus, the obtained LOD was 12.71 µg L
-1

, and the 

limit of quantification (LOQ), defined as the minimum level at which Cys can 

be quantified in the samples based on the blank signal plus ten times its 

standard deviation, was found to be 42.38 µg L
-1

 of L-cys. The developed 

methodology demonstrates good performance, exhibits good results for L-cys 

determination, and it allowed the determination of this compound at the 

microgrammes per liter range, in a reproducible and simple way. The results 

allow us to conclude that FL-AuNPs can be a very suitable alternative to other 

more complex treatment steps, or the involvement of expensive 

instrumentation. In terms of sensitivity, it may be seen that the FL-AuNPs 

provides a lower LOD in comparison to other alternative reported methods [6-

8,11,13], which involved other detection techniques.  

 

Table IV.2.1. Figure of merit obtained for Cys determination by the proposed method. 
 

Linear 

range 

 (µg L
-1

) 

Y=(a+sa)X+(b+sb) R
2 

Sy/x LOD 

 (µg L
-1

) 

LOQ  

(µg L
-1

) 

RSD 

(%) 

at 200 

µg L
-1

 

100-500 Y = (471.01±6.31) X  

+ (110310± 2093.85) 

0.9995 1996.41 12.71 42.38 0.29 

a slope; Sa standard deviation of the slope; b intercept; Sb standard deviation of the intercept; R 
regression coefficient; Sy/x standard deviation of residuals, LOD limit of detection; LOQ limit of 
quantification, RSD relative standard deviation 
 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 200 µg L
-1

 of 

L-cys standard solution was replicated (n = 11). The obtained relative standard 
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deviation (RSD) value was 0.29%. This essay was repeated three days for 

estimating the reproducibility, obtaining a RSD value of 3.47%. 

 

IV.2.3.4. Analytical figures of merit 

 

The applicability of the proposed method was checked by analyzing 

synthetic samples of L-cys. The obtained results are shown in Table IV.2.2. As 

can be seen from the table, the difference between the concentration added and 

those found were smaller. The obtained static (texp) value was 2.01, smaller 

than its corresponding tabulated (tcrit) value (2.78 for 4 degree of freedom at 

95% confidence level) [37]. 

 

Table IV.2.2. Recovery of L-cysteine in synthetic samples. 
 

Sample Concentration added 

(µg L
–1

) 

Concentration Found 

(µg L
–1

) 

Error (%) 

1 100 98.5 ± 0.4 -1.52 

2 125 125.2 ± 0.3 +0.16 

3 250 249.1 ± 0. 5 -0.36 

4 300 295.9 ± 0.6 -1.39 

5 500 501.2 ± 0.2 +0.24 
 

A commercially available wound care dressing formulation was also 

analyzed. It was chosen because its important involvement in healing, delayed 

wound healing or infected, burns, and skin ulcers (arterioscler, decubitus, 

diabetic etc.). The drug was treated as described in Section IV.2.2.1 before 

their analysis. L-cys concentrations were measured according to the proposed 

method. Table IV.2.3 shows the result obtained, which is in good agreement 

with the declared content. When this sample was spiked at different 
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concentration of L-cys, quantitative recoveries of 93.6-100.1 %, were 

observed (Table IV.2.3), giving a satisfying analytical results, and indicating 

the applicability of the proposed method for direct analysis of L-cys in the 

wound care dressings. Benzalkonium chloride, benzyl benzoate, threonine and 

glycine did not interfere at higher concentrations than those usually present in 

this pharmacentical product.  

 

Table IV.2.3. Determination of L-cysteine in pharmaceutical preparation. 
 

Sample Declared 

content 

(µg L
–1

) 

Concentration 

added 

(µg L
–1

) 

Total 

concentration 

Found 

(µg L
–1

) 

Recovery 

(%) 

for n = 3 

1 560.5 0 510.9 ± 1.5 91.1 

2 560.5 100.0 653.8 ± 2.7 98.9 

3 560.5 125.0 641.9 ± 1.6 93.6 

4 560.5 250.0 809.4 ± 2.1 99.8 

5 560.5 300.0 840.4 ± 0.8 97.6 

6 560.5 500 1062.5 ± 2.6 100.1 
*Composition of sample/cm2 “Tulgrasum Cicatrizante”: benzalkonium chloride, 3.8 mg, benzyl 
benzoate, 158.7 mg; threonine, 15.8 mg; l-cysteine, 35.6 mg; glycine, 31.6 mg.  

 

IV.2.4. Conclusions 

 

 A continuous flow spectrofluorimetric methodology for the 

determination of L-cys has been successfully developed. Based on turn-on of 

FL-AuNPs fluorescence in the presence of Cys and dealing with rapidity. 

Other important aspects presented here are the simplicity of the application 

involved in the preparation and analysis processes, and the use of inexpensive 

and commonly used instrumentation in routine laboratory analysis. In this 
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context, the determination of lower amounts of L-cys, without interfering with 

other AAs, deals with simplicity and sensitivity. Finally, to demonstrate the 

applicability of the developed methodology, it was successfully applied for the 

quantification of L-cys in in wound care dressings, and it could be expanded to 

its analysis in other types pharmaceutical preparations. 
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Conclusiones 

 

 En general, siguiendo la tendencia actual de nanoquímica, esta tesis se 

basa en la síntesis de nanopartículas y sus aplicaciónes en los procesos 

analíticos. Por lo tanto, la mayor parte del trabajo desarrollado durante su 

realización se centra en la explotación de las propiedades de privilegio de los 

nanomateriales anteriormente mencionados. 

 Como resultado de estos trabajos, se ha desarrollado diversas 

metodologías analíticas para la determinación de analitos (bio)químicos, 

involucrando diferentes tipos de nanopartículas y recurriendo a diversos 

equipos analíticos para la separación y detección. En este sentido se logró el 

desarollo 7 artículos de investigación (4 publicada y otros 3 serán enviados 

para su publicación) y 6 participaciones en congresos nacionales e 

internacionales. Tirando a las siguientes conclusiones: 

 

 Explotación de las varias ventajas de las nanopartículas magnéticas, 

que se desarrolló con éxito un nuevo método para la extracción y 

limpieza de catecolaminas a partir de muestras de orina basado en 

polímeros magneticos de impronta molecular para dopamina, 

utilizando CE como una técnica separacín y detección. 

Otra metodología realizada, utilizando nanopartículas magnéticas 

recubiertas con líquidos iónicos también se ha aplicado con éxito para 

la preconcentración de herbicidas de sulfonilurea en muestras de agua, 

proporcionando buenos resultados tras el análisis por CLC. 
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 En el aspecto técnico, fue diseñado con éxito una interfaz para el 

acoplamiento de CE y ELSD, con el fin de obtener un sistema de gran 

alcance por la combinación de ventajas de separación y detección de 

ambos equipos y que pueda permitir el análisis de analitos difícil a 

detectar. 

 

 Este sistema se ha utilizado con éxito para la separación y detección de 

los aminoácidos en la muestra de té, después de la realización de la 

limpieza por nanotubos de carbono carboxylados. 

 

 El acoplamiento desarrollado también se utilizó para la caracterización 

y separación de los nanoparticulas de oro, aprovechando el poder de de 

detección de las partículas de ELSD. 

 

 Las nanopartículas de oro tienen la fama de ser de usos múltiples por 

tener propiedades especiales y ser fácilmente modificadas 

superficialmente. En este contexto, este nanomaterial fue modificado 

por moléculas quirales, y se empleó para la separación enantioselectiva 

de los enantiómeros de mentona mediante el uso de detector de 

dicroísmo circular. 

La modificación de la superficie de nanopartículas de oro por un 

cromóforo tal como fluoresceína, conduce a la competencia de 

adsorción en la superficie de estas nanopartículas con la cisteína. La 

estimación de la concentración de cisteína en las formulaciones
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farmacéuticas se logró mediante la medición de la fluctuación de la 

intensidad de fluorescencia por espectrofluorómetro. 
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Conclusions 

 

In general, following the current trend of nanochemistry, the thesis is based on 

the synthesis and application of nanoparticles in analytical processes. 

Therefore, most of the work developed during its realization focuses on the 

exploitation of privilege properties of nanomaterials mentioned above. 

 As a result of this thesis, it has been developed various analytical 

methodologies for determination of (bio)chemical analytes, involving different 

type of nanoparticles and resorted to different analytical equipments for the 

separation and detection. In this regard 7 research articles (4 published and 3 

others will be submitted for publication) and 6 participations in national and 

international conferences have been achieved. Drawing the following 

conclusions: 

 

 Exploiting the several advantages of magnetic nanoparticles, it was 

successfully developed a new method for extraction and clean-up of 

catecholamines from urine samples based on dopamine-magnetic 

molecularly imprinted polymers, using CE as a separative technique.  

A performed methodology, using magnetic nanoparticles coated to 

ionic liquids has been also applied successfully for preconcentration of 

Sulfonylurea herbicides in water samples, providing good results after 

the analysis by CLC. 
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 On the technical side, it was successfully designed an interface for 

coupling CE to ELSD, in order to obtain a powerful system, while 

combining separative and detection advantages of both equipments. 

Allowing the analysis of non-easily detectable analytes. 

 

 This system was successfully operated for the separation and detection 

of amino acids in tea sample, after the realization of clean-up by 

carboxyled carbon nanotubes. 

 

 The developed coupling was also used for the characterization of 

nanomaterials by size separation of gold nanoparticles. Harnessing the 

power of particles detection of ELSD. 

 

 Gold nanoparticles have the fame to be multiuse for having special 

properties and being easily surface modified. In this context, this 

nanomaterial was modified by chiral molecules, and employed for 

enantioselective separation of menthone enantiomers by using circular 

dichroism detector. 

The modification of gold nanoparticles surface by a chromophore such 

as fluorescein, leads to adsorption competition on the surface of the 

nanoparticles, with cysteine. The estimation of cysteine concentration 

in pharmaceutical formulations was achieved by enhancement 

fluorescence intensity measurement with spectrofluorometer. 
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Type of participation: Communication oral, capillary electrophoresis-

evaporative light scattering detection for non easily detectable analytes. 

 

Name of the event: XVIII Reunión de la Sociedad Española de Química 

Analítica Úbeda, from 16 to 19 June 2013, Jaén-Spain. 

Type of participation: Communication oral, improved determination of 

amino acids based on capillary electrophoresis coupled to evaporative light 

scattering detection using carboxyled single walled carbon nanotubes. 

 

Name of the event: V Workshop de Nanociencia y Nanotechnologia 

Analiticas, from 08 to 09 July 2013, Alcalá de Henares-Spain. 

Type of participation: Poster, fluorescein-adsorbed gold nanoparticles for 

selective detection of cysteine in pharmaceutical formulations using flow 

injection fluorometry method. 

 

Name of the event: XVII euroANALYSIS, from 25 to 29 August 2013, 

Warsaw-Poland. 

Type of participation: Poster, design and adaptation of an interface for 

coupling commercial capillary electrophoresis to evaporative light scattering 

commercial available equipments. 

 

Name of the event: VIII Simposio Ciencia Joven, from  to May 2014, Ciudad 

Real-Spain. 

Type of participation: Oral communication, CE-ELSD coupling for 

characterization and separation of gold nanoparticles. 

 

 

 

 

 
 


