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n los últimos veinte años, la nanociencia y la nanotecnología han supuesto 

una verdadera revolución que ha transformado por completo los 

conceptos hasta el momento probados sobre el estudio de los materiales y 

las propiedades de los mismos. En este sentido, los hallazgos encontrados a 

lo largo de la escala nanométrica han demostrado que las nanoestructuras conforman 

por sí mismas una familia de materiales que pueden encerrar composiciones muy 

diversas y con aplicaciones en campos tan dispares como la electrónica, la informática, 

la biología, la alimentación y un largo etcétera. En concreto, la Química Analítica se ha 

visto sensiblemente alterada por la introducción de los nanomateriales en un intento de 

ampliar las áreas de investigación a las dimensiones regidas por el denominado 

“nanomundo”. 

Los avances presentados en esta Tesis Doctoral como contribuciones al 

desarrollo de la nanociencia abarcan, fundamentalmente, tres campos: 

I. Análisis directo de nanomateriales con diferentes dimensiones y/o 

estructuras mediante el empleo de técnicas de separación tales como la 

Electroforesis Capilar, orientada a discernir entre nanopartículas según 

su tamaño y morfología a partir de una síntesis determinada. 

II. Utilización de nanoestructuras obtenidas en el laboratorio para la 

extracción magnética en fase sólida de analitos con potencial toxicidad 

en el medio ambiente o con interés en el ámbito farmacéutico, 

consiguiendo de esta manera un desarrollo de metodologías simples y 

alternativas a las convencionales de extracción con sorbentes 

comerciales para el tratamiento de muestra. 

I I I .  Optimización de metodologías analíticas encaminadas a la determinación 

de nanopartículas en muestras complejas de interés agroalimentario y 

cosmético, campos en los cuales el impacto de los nanomateriales es 

especialmente creciente, mediante la puesta a punto de procedimientos 

basados en técnicas sensibles que permitan la cuantificación a 

concentraciones bajas, incluso a nivel de traza, de nanoóxidos metálicos.

E 
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ver the last twenty years, nanoscience and nanotechnology have meant 

an actual revolution, completely transforming concepts proven so far 

about the study of materials and their features. In this sense, findings 

achieved across the nanometric scale have demonstrated that 

nanostructures make up a whole group of materials that can enclose very diverse 

compositions and with applicability to disparate fields such as electronics, informatics, 

biology, food and a broad etcetera. Analytical Chemistry has been noticeably altered by 

the inclusion of nanomaterials as an attempt to broaden research areas including 

dimensions defined by the so called ‘nanoworld’. 

Breakthroughs presented in this Doctoral Thesis as contributions to 

development of nanoscience fundamentally comprise three paths: 

I. Direct analysis of nanomaterials having different sizes and/or structures 

by means of separation techniques namely Capillary Electrophoresis, 

aimed at discerning between nanoparticles according to dimension and 

morphology from a certain synthesis. 

II. Use of nanostructures obtained in the laboratory for magnetic solid-

phase extraction of analytes showing a potential toxicity for the 

environment or with an interest in the pharmaceutical field, this way 

accomplishing the development of simple and alternative methodologies 

in relation to conventional extraction performed with commercial 

sorbents for sample handling. 

III. Optimisation of analytical methodologies orientated to determination of 

nanoparticles in complex samples with agri-food and cosmetic concerns, 

since impact of nanomaterials is particularly increasing in these fields, by 

means of issuing procedures based on sensitive techniques allowing for 

quantification at low concentrations, even at trace levels, of metal oxide 

nanoparticles. 

O 
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os objetivos específicos que se persiguen a lo largo de esta Tesis Doctoral 

engloban tanto el desarrollo y optimización de métodos analíticos que se 

sirven de nanomateriales como objetivo directo, así como la persecución de 

nuevas estrategias de tratamiento de muestra basadas en el empleo de 

nanoestructuras como herramientas analíticas para la preconcentración de analitos que 

comportan riesgos aún desconocidos en matrices de interés alimentario o biológico. En 

este sentido, se proponen las siguientes metas: 

1) Empleo de la Electroforesis Capilar para la separación directa de 

nanopartículas de sílice en función de sus tamaños (hasta 100 nm) con 

un método de corta duración y aplicación sencilla en muestras salinas 

fortificadas con dicho nanomaterial. También se estudiará la viabilidad 

de métodos electroforéticos para la separación de nanopartículas de oro 

en función de su morfología tras una síntesis selectiva de las mismas, 

puesto que la aplicabilidad difiere según su estructura. 

2) Desarrollo y optimización de estrategias analíticas de extracción 

magnética en fase sólida con la preparación de nanopartículas híbridas 

con nanocelulosa y recubiertas de líquido iónico, de aplicación en la 

preconcentración selectiva de insecticidas en lácteos y posterior análisis 

por técnicas cromatográficas. Asimismo, se describirá la síntesis de un 

nuevo material polimérico que sea capaz de retener fármacos por 

mecanismos de adsorción y se realizará su determinación por métodos 

electroforéticos. 

3) Rastreo de nanoóxidos metálicos de silicio y titanio en matrices 

complejas, aplicando para ello tratamientos de muestra desde más 

simples a más complejos y empleando técnicas como la Electroforesis 

Capilar o la Espectrometría de Masas con plasma acoplado a la misma. Se 

tomarán como objeto de análisis muestras de alimentos, suplementos 

alimenticios y productos de higiene personal. 
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he specific objectives pursued throughout this Doctoral Thesis encompass 

both development and optimisation of analytical methods which make use 

of nanomaterials as straightforward objective, as well as the quest of new 

sample treatment strategies based on the use of nanostructures as 

analytical tools for preconcentration of analytes entailing risks still unknown in matrices 

with food or biological concerns. In this sense, these goals are proposed: 

1) Employment of Capillary Electrophoresis for direct separation of silica 

nanoparticles according to size (up to 100 nm) by means of a short-

duration method and easy application to salty samples spiked with 

nanosilica. Besides, a study will be reported on the feasibility of 

electrophoretic methods for gold nanoparticles separation according to 

morphology after a selective synthesis of them, given that applicability 

differs by virtue of structure. 

2) Development and optimisation of analytical strategies for magnetic solid-

phase extraction after preparation of ionic-liquid-coated magnetic 

nanocellulose hybrid nanoparticles, with application to selective 

preconcentration of insecticides in dairy and subsequent analysis by 

chromatographic techniques. Likewise, there will be a description of the 

synthesis of a new polymeric material, able to retain medicines by means 

of adsorption mechanisms and determination of these analytes will be 

conducted taking advantage of electrophoretic methods. 

3) Screening of titanium dioxide and silicon dioxide in complex matrices, for 

this aim applying both simple and complicated sample treatment 

strategies, and employing techniques such as Capillary Electrophoresis or 

Mass Spectrometry coupled with plasma. Food items, food supplements 

and personal care products will be considered as samples subject to 

analysis. 
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0.  The role of Nanoscience and Nanotechnology in 

Analytical  Chemistry 

 

ver the last twenty years, the appearance of nanoscience and 

nanotechnology have brought such a great revolution in all aspects of 

our daily lives, either being conscious or not of this fact. This arrival has 

meant a big step forward when it comes to scientific research and the 

applicability scope of nano-based fields has been enlarged in a way not known yet by 

the vast majority of us, even scientists or people unconnected with science. This 

surprising breakthrough has been demonstrated to crystallise in specific knowledge 

areas, namely medicine, biology, chemistry, engineering and all branches within each 

particular field. How long will this growth be lasting for? Nobody can know the answer, 

but the issue is that nanoscience has come to stay amongst us for a long time.  

Nanotechnology is a multidisciplinary science encompassing a great deal of 

processes in all branches of science (physics, chemistry, biology, engineering...), and, in 

general, it can be regarded as any sort of technology to be implemented and applied in 

the actual world for solving actual problems [1]. The concept of nanotechnology 

includes nanomanufacturing, nanomaterials and applicability of systems at size scales 

down to submicron dimensions either at atomic or molecular level, in addition to the 

incorporation of nanostructures into larger systems. The latter aspect has brought a 

new approach to solve industrial, environmental and medical problems, with 

implications in smart materials, information technology and even security issues. Last 

decade, nanotechnology was suspected to produce such a great impact on social and 

economic matters, meaning a modern industrial revolution, and this foresight has been 

confirmed in recent years. Nanotechnology is these days a whole technology with 

specific applications across numerous industrial sectors. 

Focusing on Analytical Chemistry, matter of study in this thesis, the change 

introduced by nanotechnology-based approaches is enormous and a great deal of 

funding for research purposes is still available. Furthermore, new highways opened by 

new research projects all over the world will guarantee a permanent development of 

O 
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methodologies intended to solve actual problems in society, the primary and final goal 

of analytical chemists working in the laboratory.  

The synergistic combination between Nanoscience and Nanotechnology (N & N) 

has signified an actual, deep revolution in Analytical Chemistry [2]. This step forward 

provided by N & N is not abstract, since it has implied the appearance of specific 

developments concerning tools aimed at perfecting both analytical procedures and 

results. Curiously, in the end of last century, several authors with expertise in Analytical 

Chemistry had already suggested the employment of nanotools in their respective 

reports, disregarding the word ‘nanotechnology’. For instance, fullerenes were started 

to be used in the nineties as sorbent materials for metal ions preconcentration [3] and 

this was not an isolated case, as in the beginning of this century fullerenes were 

reported as a specific tool to be applied for stationary phases or belonging to sensors 

composition [4]. It is actually impossible to summarise in a few words the huge impact 

of N & N on this branch of Chemistry, as this trend is likely to be expanded in the near 

future. 

Focusing on particular definitions, nanomaterials (NMs) are, undoubtedly, 

responsible for all achievements regarding simplification and miniaturisation of 

analytical procedures, and their application can cover such heterogeneous areas as 

food, personal care, manufacturing, building and a broad etcetera. The concept of 

nanomaterial, according to EU Recommendation issued in 2011 [5], was defined as 

follows: “A natural, incidental or manufactured material containing particles, in an 

unbound state or as an aggregate or as an agglomerate and where, for 50 % or more of 

the particles in the number size distribution, one or more external dimensions is in the 

size range 1 nm - 100 nm”. This definition was amended in the case of environment, 

health, safety or competitiveness concerns, for which the threshold proportion could be 

reduced down to 1%, thus structures namely fullerenes, graphene flakes and single-wall 

carbon nanotubes (SWCNTs) with one or more external dimensions below 1 nm were 

included into the definition of nanomaterials (see figure 1). Even after having taken this 

consideration into account, the definition of nanomaterial remains still controversial at 

present, given that there are many details obscuring an actual full coverage of a 

theoretical approach of what a nanomaterial should be. In fact, the above-said 
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document gives food for confusion, as whilst on the one hand it attempts to normalise 

and enclose a unified criterion for dimension requirements a material must meet, on 

the other hand it fails to achieve this objective since it puts aside several types of 

structures behaving like nanomaterials. Nevertheless, these days it is possible to 

provide experimental results so as to prove that size is not the sole must for a system to 

be considered as a nanomaterial, hence this concept clearly goes beyond any sort of 

definition. 

 

 

Figure 1. Examples of several sized-structures falling into the nanoscale. 

 

In 2004 The Royal Society of Chemistry had already provided a more generic but 

integrating definition of nanomaterial [6], since they included every sort of material 

meeting two basic requirements: their larger surface area in comparison to the same 

mass of material produced in a larger form and the dominating effect of quantum 

effects on the behaviour of matter at the nanoscale - particularly at the lower end - 

affecting the optical, electrical and magnetic behaviour of materials. Disregarding size 

values and within this definition, it is necessary to clarify that nanomaterials can be 
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produced in zero, one, two and three dimensions, hence there is a whole classification 

according to dimensional issues. The first division was proposed in the mid-nineties by 

Gleiter [7], although this arranging did not take into consideration some relevant 

aspects later explained by Pokropivny and Skorokhod [8] in a more modern 

classification of nanomaterials organised by dimension (Figure 2), which is eventually 

critical for discrimination between sorts of nanostructures.  

 

Figure 2. Classification of nanomaterials according to dimension. 

 

Zero-dimensional NMs are both uniform and heterogenous particle arrays, 

nanolenses, hollow spheres, onions... but the most important ones are by far quantum 

dots (QDs) [9], with countless applications in analytical fields but more well-known as 

components for fabrication of light-emitting diodes (LEDs) [10], their use being also 

appreciated in lasers. One-dimensional NMs include hierarchical nanostructures namely 

nanoribbons, nanobelts, nanorods, nanowires or nanotubes. They can partake in 

nanocomposite materials, nanodevices and nanoelectronics, with special implications in 

security issues and new, alternative energy sources [11]. Two-dimensional NMs count 

on two dimensions out of the nanometric scale, and some of them exhibit distinct 

features depending on shape, therefore their growth mechanism has gained attention. 

Research conducted aims at developing novel photocatalysts, sensors, nanoreactors 

and even templates for two-dimensional structures of different materials [12]. 
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Nanoprisms, nanoplates, nanosheets, nanowalls, and nanodisks are typically considered 

as two-dimensional nanomaterials. Last but not least, three-dimensional nanomaterials 

have a large specific surface area and superior features in relation to any other kind of 

nanostructure. However, their behaviour is remarkably dependent on morphology, 

dimension, shape and size, them all being critical factors when defining applicability and 

performance, but it is crucial to control the obtention of a three-dimensional NM with 

the appropriate morphology and structure. Application range of this kind of materials is 

so wide and includes catalysis area, magnetic and electrode material [13]. 

Nanoflowers, nanocoils, nanocones and nanoballs are common examples of three-

dimensional NMs. 

Apart from classifications and unbiassed considerations already made, 

nanomaterials have also established their own language and the prefix nano- is 

nowadays considered as a new, distinct manner of chemical formulation. For instance, 

when it comes to nanopesticides, this is a new terminology typically applied to any class 

of pesticide formulation intentionally including entities in the aforementioned size 

range, up to 100 nm, but this term is likely to contain nano-based structures, specifically 

nanohybrids, nanocomposites or any other kind of structure exhibiting distinct 

properties in relation to their small size [14]. By definition, nanopesticides involve 

either very small particles of a pesticide active ingredient or other small engineered 

structures with useful pesticidal properties [15]. On these lines, there are many 

pesticide formulations surpassing the proposed limit of 100 nm when looking at official 

definitions of nanomaterials, although the behaviour of these chemicals responses to 

nano-based criteria. Nonetheless, companies responsible for this kind of development 

may not name them nanoformulations [16], due to the lack of knowledge in our society 

concerning the nano-terminology and the doubts raised about the effect of 

nanomaterials on public health and the environment. 

In recent years, a great deal of analytical approaches has been reported, them 

all aiming at exploiting nanoparticles features for uncountable applications, either as an 

analytical tool or aim (Figure 3). In the agri-food field, it is of relevance to highlight the 

potential usefulness shown by nanoparticles when analysing pesticide residues in 

several types of matrices. For instance, gold nanoparticles have been reported to help 
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absorb organophosphorus pesticides [17] and they can even act as a sensor 

component for electrochemical detection of other pesticides with high sensitivity and 

specificity [18]. On their behalf, silver nanoparticles can partake in the composition of a 

substrate for Raman detection of pesticides in water [19], or they can alternatively be 

exploited as a nanoprobe aimed at detecting malathion in both water and food samples 

[20].  Research conducted with metal nanoparticles to be applied for this purpose is 

very little thus far, but there is an upward trend in this decade and this is likely to rise in 

the near future. Despite the indispensable use of pesticides in plants for preventive 

treatment across the world, in parallel there is a growing concern regarding the severe 

pollution problems provoked by their application, human health being affected as a 

result. That is why the need for developing methodologies focused on pesticides 

monitoring is more and more important, and both detection and quantification limits to 

be achieved ought to be as low as possible.  

 

 

 

Figure 3. Roles and implications of nanomaterials in analytical methodologies. 
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All the aforementioned studies are solely examples of the broad applicability 

range of nanomaterials in one particular knowledge area, hence there is still a long way 

to traverse and such a challenge calls for a great deal of work to be carried out with the 

goal of resolving actual worries in our society, this being the reason why Analytical 

Chemistry is responsible for finding solutions to social concerns with the permanent 

support from N & N. 
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1.  Applicabil ity of magnetic nanomaterials to analytical  

methodologies for extraction purposes 

 

ver last decades, solid-phase extraction (SPE) has been extensively used 

for sample preparation with the aim of preconcentrating the analytes 

of one’s interest via performing an effective clean-up step prior to 

quantitative analysis. This strategy has been demonstrated to serve as a 

valuable treatment for increasing both sensitivity and selectivity when developing new 

analytical methodologies. Nevertheless, several drawbacks derived from SPE have been 

observed, as (i) there is need for enhancing contact area between analytes and sorbent, 

(ii) filtration or centrifugation steps are commonly performed before sample analysis 

and (iii) analytes have to be retained onto a packaged cartridge. These are some 

reasons why similar but alternative approaches for sample handling have been 

explored, some examples being shown on Table 1.  

 

Table 1. Several examples of analytes targeted by means of magnetic solid-phase 

extraction with different nanosorbents. 

 

 

Undoubtedly, magnetic solid-phase extraction (MSPE) has been called for 

circumventing these limitations associated with classical extraction methodologies. 

Typically, adsorbents employed in this modality exhibit paramagnetic features either by 

O 
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themselves or after modification with magnetic particles, then allowing for a simple 

analytes collection by removal of the liquid phase with the aid of an external magnet 

[21]. The advent of nanomaterials has helped improve effectiveness of MSPE strategies 

by the introduction of magnetism-bearing nanostructures, which contribute to bestow a 

higher selectivity degree to the sorbent material and the amount of material required 

for extraction is normally reduced. There are several types of magnetic nanosorbents 

aimed at improving extraction of target compounds. The most relevant ones are 

commented on next. 

 

1.1. Magnetic molecularly imprinted polymers (MMIPs) 

 

Magnetic nanoparticles can be components of magnetic molecularly imprinted 

polymers (MMIPs), a composite reported for ten years and emerged as a high-

selectivity sorbent towards the molecules of interest according to the template chosen 

for the synthesis. One of the first analytical studies dealing with molecular imprinting 

recognition was described for lysozyme in 2010, when this enzyme would be 

determined in human serum at units of ng mL-1 by a chemiluminiscence method after 

preconcentration by MSPE [22]. Recovery values were found to be larger than 92.5% 

and adsorption of lysozyme onto the surface of the MMIP happened to be more 

effective than other binding proteins, namely cytochrome c or ribonuclease A. 

However, when this nanostructure was tested on bovine hemoglobin [23,24] or 

estrone [25], recognition of these molecules was successfully achieved with decent 

adsorption rates. Due to these recognition features, the usefulness of MMIPs has been 

extensively proven with numerous transducers for the development of chemical 

sensors [26], either by themselves or in combination with techniques namely Surface 

Plasmon Resonance (SPR) or Surface-Enhanced Raman Scattering (SERS) in order to 

increase sensitivity. Specific examples can be given throughout this decade, one of the 

first studies being conducted on albumin detection in human urine samples [27]. 

Results were satisfactory although it was observed that future work had to be described 

on interferences removal from such biological matrices. Bovine serum albumin was also 

targeted as an analyte in human blood by means of electrochemical measurements 
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with a hybrid sensor based on multi-walled carbon nanotubes modified with magnetic 

nanoparticles coated with chitosan [28]. The accuracy, precision and reproducibility of 

this sensing material, together with its selectivity towards the target compound, was 

proven to be successful and stability of this biosensor allows it for reliable 

measurements during two weeks, therefore promising applications in clinical fields are 

foreseen. Antibiotics have also been subject to a sensitive analysis via MMIPs as a 

recognition element, and sensors with this composition are capable of determining 

sulfadiazine in urine samples with no significant effect from interferences [29]. 

Implications in food field are worthy of mention, since a couple of studies have been 

conducted on quantification of metronidazole [30] and determination of streptomycin 

residues [31] in milk and honey samples. As demonstrated, the presence of MMIPs can 

be useful as a coating agent for commercial electrodes or as a component of an in-

house sensor, hence the application range of such a nanostructure can be larger than 

any other rigid material. Other relevant achievements with environment-concerning 

analytes, namely pesticides, have been reported (chlortoluron in water samples [32] 

and chlorpyrifos in fruit items [33]), not only based on the use of MMIPs, but on the 

synergistic effect when chemical catalysis or plasmonic resonance are used for signal 

enhancement. Implementation of these sorts of sensors in on-line strategies is to be 

studied in the future, as an improvement likely to be achieved when MMIPs belong to a 

sensor composition. 

It is well known that MMIPs are also of use as a sorbent for the development of 

new MSPE approaches and some relevant studies are briefly summarised next. In the 

beginning of this decade, a novel methodology using a pharmaceutical drug as a 

template set an example for the ability of these nanosorbents to enrich β-agonists in 

animal tissues [34]. Recoveries obtained for target analytes were beyond 80% in all 

cases and detection limits approached to 0.5 ng mL-1 in an interesting study combining 

the features of MSPE and the sensitivity of fluorescence detection when coupled with 

high-performance liquid chromatography (HPLC) as a separation technique. 

Environmental pollutants have also been subject to an analytical study by means of 

selective recognition using MMIPs and subsequent extraction and quantification at tens 

of µg L-1 levels in water samples [35], hence target analytes in the environment have 
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also been demonstrated to be monitored by a selective adsorption onto this sort of 

nanosorbents with excellent recovery figures [36]. Food and food-related specimens 

are indeed complex matrices affected by contamination from several sources, therefore 

preconcentration approaches are needed for enriching toxic chemicals in food items. 

Clean-up and extraction performed by MMIPs followed by HPLC analysis can be applied 

to quantification of inhibitors of phosphodiesterase in dietary supplements with high 

sensitivity levels after a quick adsorption equilibrium [37]. This specific research 

opened a new path to be explored when monitoring illegal compounds also present in 

food supplements, although no innovative works have been developed in this field so 

far. As regards mere food samples, the usefulness of MMIPs is undeniable for 

monitoring drugs, herbicides, additives or naturally-occurring chemicals at very low 

concentration levels in various sorts of nourishment both for humans and animals. In 

fact, one of the first studies dealing with drug extraction via MMIPs was reported in 

feed for chicken, duck and poultry [38] in 2012. The potentiality of this nanosorbent for 

sulfonamides adsorption was confirmed by the low detection limits achieved (2 mg kg-

1), although recoveries did not exceed 77% owing to the complexity of the samples 

subject to study. Dairy products have also been treated as matrices for quantification of 

drugs namely dimetridazole with the aid of MMIPs [39]. Egg and milk samples were 

monitored for quantification of this antibacterial reagent used for the treatment of 

agricultural animals at tens of µg L-1 and recoveries being higher than 90%. The main 

interest of this report might be the simple use of spectrophotometric detection to 

target the analyte to be quantified and the absence of an analytical separation 

technique, typically involved in similar approaches. Milk items have also been employed 

as sample matrices in which natural compounds can be adsorbed and quantified by 

extraction with MMIPs. Steroidal hormones at trace levels (ng g-1) were found in milk 

powder with high reproducibility by means of a novel automated SPME methodology 

based on imprinted polymers [40]. Separation of four different estrogens was 

accomplished by HPLC coupled with a conventional UV detector in no more than 20 

min, therefore no complexity in both sample treatment and analysis step was needed. A 

deeper study on matrix effect for milk items was performed in a research work 

intended for quantifying melamine in this sort of samples [41], given that extraction 
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parameters were carefully optimised and tandem MS was chosen as a detection system 

preceded by HPLC separation. Anyway, the application of this new extraction 

methodology presents numerous advantages such as high recoveries, easy sample 

treatment, low consumption of organic solvents and the possibility of recycling the 

polymers makes them more valuable than traditional solid-phase extraction 

approaches. Acrylamide is a natural compound formed during Maillard reaction 

undergone by food products subject to heating processes in which temperature 

exceeds 120ºC, and this chemical can also be selectively isolated and quantified via 

extraction with MMIPs and separation by chromatographic methods. Potato chips were 

treated and spiked with acrylamide in order to validate an analytical approach 

orientated to determine this carcinogenic compound in such a common product 

amongst the population [42]. Recoveries ranged between 94% and 98% and synthesis 

procedure was another interesting aspect to be considered, since an environmentally-

friendly sol-gel procedure was followed to obtain the MMIP sorbent, whilst in most 

cases a co-precipitation or suspension are involved. Detection of acrylamide cannot only 

be achieved in chips, but in heat-processed foods namely fried noodles or biscuits, a 

fact being confirmed in a recent research based on extraction with a novel imprinted 

polymer coated with graphene oxide and magnetic nanoparticles [43]. Results in terms 

of sensitivity were excellent, detection limits falling down to 15 µg kg-1, and selectivity 

of the novel sorbent material towards acrylamide was demonstrated with a maximum 

enrichment in less than 1 h. Food additives banned long ago such as Rhodamine B have 

been proven to be detected in pepper with a MMIP-based extraction methodology after 

a non-long equilibrium adsorption and HPLC analysis with UV detection [44], obtaining 

detection limits in the region of a few µg L-1 and showing an interesting discovery to 

control the addition of illegal substances to food specimens. 

Other MMIP-based strategies were orientated to obtention of the desired 

polymer, such a study on extraction and determination of catecholamines in human 

urine samples [45]. Different mixtures between the functional monomer, the cross-

linker, the pore-forming solvents and the thermal initiator were tested and the polymer 

providing a 98% of bound dopamine was selected for the extraction process. Steps to 

be followed were similar to the work previously described and separation of 
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catecholamines was carried out by capillary electrophoresis with UV detection. Under 

optimal conditions, especially focused on pH, the most critical factor, the five 

compounds subject to study were detected and quantified in less than 8 min with 

baseline separation and detection limits down to 0.05 µM for every single compound. 

Recoveries were found to be beyond 92.0 in spiked urine and no significant matrix 

effect was observed between blank and spiked samples. A similar study has been 

conducted for sulfonylurea herbicides [46], based on the excellent features of MMIPs 

and their applicability to other analytes has been demonstrated, since selectivity of this 

sort of material is strongly dependent on the chemicals taking part in the 

polymerisation reaction. Five herbicides were extracted and separated by capillary 

liquid chromatography (CLC) with good analytical performance, as repeatability did not 

exceed 4% for peak area and these chemicals would be detected down to 0.02-0.03 ng 

mL-1. This methodology was successfully validated for spiked waste water samples and 

no interferences masked the correct quantification of herbicides. In addition, recovery 

after extraction was over 94% and the approach herein addressed is more 

advantageous than other methods reported in literature for sulfonylurea herbicides 

preconcentration in several matrices. These high recovery values may be due to a 

better selectivity of the MMIP towards the target analytes, hence this kind of material is 

still to be exploited for further applications. 

 

1.2. Use of magnetic nanomaterials in combination with ionic l iquids 

for extraction procedures 

 

Throughout this decade, a whole branch within SPME modalities has emerged as 

a valuable option for a selective interaction of many sorts of analytes according to their 

chemical features. These new analytical approaches consist of the attachment of an 

ionic liquid (IL) onto the surface of a nanomaterial in order to enhance its adsorption 

properties or improve selectivity towards certain target compounds more prone to be 

retained by this composed nanostructure. The use of ILs has been widely demonstrated 

in a great deal of research works and these chemicals by themselves show several 

positive features, namely stability towards temperature, good solubility, low vapour 
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pressure and they are liquid in a wide conditions range [47]. When in combination with 

magnetic nanoparticles, ILs are capable of maximising the advantages of nanosorbents, 

bestowing them a larger surface area, a higher selectivity and yielding better recoveries 

in comparison with as-synthesised magnetic nanoparticles. Breakthroughs achieved 

with the use of an ionic liquid are reported in tens of articles over this decade, target 

analytes being numerous as well as type of ionic liquid and particle composition, whilst 

sample matrix was in most cases environmental items or even agri-food. Nonetheless, 

remarkable examples of drug and natural-compound determination in biological 

samples have been reported with IL-coated magnetic nanoparticles. In 2014, 

nanomagnetite with 1-butyl-3-methylimidazolium hexafluorophosphate (abbreviated as 

[Bmim][PF6]) was proven to serve as a extractant material for sulfonamides in human 

urine [48], followed by HPLC separation and UV detection. Analytical figures of merit 

were excellent, sensitivity falling in the region of 0.001 µg g-1 and recoveries beyond 

86% for urine samples collected from individuals treated with the drug. The applicability 

of ILs to human urine was also proven for flavonoids extraction with silica-coated 

magnetic nanoparticles, then demonstrating that magnetite-based nanosorbents can be 

successfully synthesised in the presence of a stabiliser able to create an outer layer with 

ILs attached to it [49]. Recoveries exceeded 90% in every case and a simple HPLC-UV-

detector coupling was necessary to achieve good sensitivity levels (0.1 ng mL-1). The 

same sort of hybrid nanoparticles with an imidazolium-bearing IL was employed for 

preconcentration of two antidepressants and simultaneous determination in serum by 

means of UV spectrophotometry [50]. This new approach minimised any complexity in 

terms of sample treatment and analytical steps to be given for quantification, since no 

separation technique was involved in the whole procedure. In fact, this was not the first 

report on simple spectrophotometry determination after extraction and clean-up 

performed with magnetic nanomaterials attached to an IL. Sulfonylurea herbicides were 

the target analytes selected in a work aimed at quantifying them by CLC with a previous 

extraction procedure based on magnetic nanoparticles coated with an ionic liquid [51]. 

The nanomaterial was synthesised by co-precipitation and attachment of the ionic 

liquid took place after a chemical procedure entailing two reactions under reflux and an 

anion-exchange reaction to obtain the final product. Preconcentration with the sorbent 
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material was very simple and consisted of a pre-conditioning step with acetonitrile and 

water, followed by the addition of the herbicide-containing solution, sonication for a 

short-time period, separation by an external magnetic field, elution with acetonitrile, 

complete evaporation, reconstitution and filtration prior to chromatographic analyses. 

Five herbicides were achieved to be separated in no more than 35 min with detection 

limits lower than 3.0 ng mL-1. Sorbent amount was very small (60 mg) and it would be 

used up to 20 times with no efficiency losses, a further strong point of this 

methodology. Applicability to river water samples was successfully tested and 

recoveries obtained ranged from 90.4 to 98.7 for the five analytes spiked. The approach 

addressed in this study permitted to open a never-ending highway for the 

implementation of magnetic nanoparticles taking part in extraction processes. This kind 

of sorbent materials has subsequently been proven to yield in a more effective way 

than conventional cartridges employed for solid-phase extraction in terms of 

performance and reproducibility. Besides, the addition of the ionic liquid favours clean-

up and preconcentration of pesticide residues, as well as other chemicals according to 

the ionic liquid chosen. Sulfonylurea herbicides determination can be performed via 

diverse analytical perspectives involving gold nanoparticles as a sorbent material or 

even capped quantum dots to assess the behaviour of these herbicides after a selective 

interaction. A silica sorbent functionalised with a gold-nanoparticle coating in the 

presence and in the absence of an ionic liquid was effectively assessed as a 

preconcentration material for sulfonylurea herbicides in river water samples [52]. This 

new material was compared with traditional C18 sorbents, and selectivity of the new 

sorbent was proven to be higher as recovery increased up to 84% at least, though the 

addition of an ionic liquid delayed the synthesis procedure in relation to the obtention 

of the mere sorbent in the absence of the ionic liquid. A CLC method was optimised and 

developed to separate the sulfonylurea herbicides in less than 25 min with acceptable 

resolution, detection limits in the region of tens of µg L-1 and repeatability values lower 

than 4.5% for peak areas. A further advantage of this type of sorbent is its reusability, 

since after regeneration with deionised water they are stable for at least 350 retention-

elution cycles with no efficiency losses. The usefulness of this kind of sorbent materials 
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is still to be expanded to other chemicals for clean-up and preconcentration prior to 

analysis by chromatography or electrophoresis. 

 

1.3. The unique features of magnetic multi-walled carbon nanotubes 

(MMWCNTs) 

 

Over the current decade, one of the main goals pursued on the use of magnetic 

nanomaterials as sorbents has been the development of methodologies involving this 

kind of structures used as an analytical tool for improving the signal exhibited by 

analytes subject to study or at least enhancing efficiency in recovery after a magnetic 

solid-phase extraction procedure. In most cases, magnetic nanoparticles have been 

combined with carbon nanotubes to ensure a proper sample handling for off-line 

approaches. A pioneer work reporting the use of magnetic multi-walled carbon 

nanotubes was intended to evaluate their performance as a component of a sorbent for 

extraction of the mycotoxin zearalenone and its secondary metabolites in maize 

samples [53]. The synthesis procedure of this nanocomposite was easy and did not 

involve large solvent consumption. Besides, it was possible to reuse the material up to 6 

times with no efficiency losses. The role of magnetic nanoparticles happened to be 

crucial for enhancing clean-up and minimising interferences present in the sample, 

selectivity being increased as a consequence. The composite synthesised, bearing C18, 

magnetic nanoparticles and magnetic multi-walled carbon nanotubes, allowed to 

extract the compounds by means of a magnetic field, then avoiding time-consuming 

steps, namely filtration or centrifugation. Detection limits fell down to 0.6 ng mL-1, 

recoveries exceeding 91.5% in all cases. Multi-walled carbon nanotubes can also be 

functionalised by reaction with metal nanoparticles in a supercritical-fluid medium, as 

demonstrated in an innovative report that has opened a new way of nanocomposite 

synthesis making the most of supercritical fluid. The applicability of ruthenium-modified 

multi-walled carbon nanotubes was assessed in the composition of a novel working 

electrode for quantification of vitamin B6 [54]. Energy drinks, food supplements and 

pharmaceutical items were subject to study by electrochemical measurements, results 

being in accordance with the amount of vitamin B6 stated by manufacturers. Sensitivity 
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was favoured by the addition of the modified carbon nanotubes, therefore these 

electrodes may be more advantageous than commercial ones. The potentiality of 

carbon dioxide as a supercritical fluid reaction medium for synthesis of magnetic 

nanoparticles has also been described in a more recent work aimed at obtaining new 

sorbent materials for improving solid-phase extraction methodologies [55]. Hybrid 

magnetic nanoparticles coated with silica and C18 were synthesised, their surface being 

decorated with carbon nanotubes. This procedure was compared with high-thermal 

decomposition synthesis of the same kind of nanocomposites, finding complementary 

advantages when extracting either neonicotinoids or sulfonylurea pesticides. The 

supercritical-fluid-based method took a very short time (15 min) to obtain the desired 

material but the capacity of retaining neonicotinoids was very limited, whereas the 

high-thermal decomposition yielded a more effective sorbent for these analytes despite 

the long duration. The opposite situation was faced with sulfonylurea pesticides, 

therefore a combination of materials obtained by both procedures was tested and a 

synergistic behaviour was observed. Recoveries achieved for the two analyte groups 

were beyond 85% in all cases, the efficiency of this hybrid material being confirmed. A 

chromatographic method provided all desired peaks in less than 10 min, and analytical 

applicability to water and juice samples from different sources was successfully 

demonstrated, detection limits being lower than 1 µg L-1. It is interesting to point out 

that this achievement highlights the potential use of supercritical fluids as a very 

feasible alternative for preparing novel magnetic nanomaterials, making the most of the 

excellent features of supercritical carbon dioxide and the ease of the synthesis 

procedure. Additionally, the usefulness of these new materials for contaminants 

quantification in food items is promising. 

Magnetic solid-phase extraction has also been reported to serve as a valuable 

strategy for preconcentration of pollutants in various types of water samples. The high-

thermal decomposition method mentioned above for preparation of hybrid magnetic 

nanoparticles was followed and these composites were used for extraction of polycyclic 

aromatic hydrocarbons in environmental water samples [56], prior to separation of 

these chemicals by liquid chromatography. The seven compounds were detected in less 

than 7 min with a fluorescence device coupled with the chromatographic system, but 
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the most interesting aspect of this research is the combination of an efficient magnetic 

solid-phase extraction approach with the quickness of ultra-high-performance liquid 

chromatography for determination of contaminants namely polycyclic aromatic 

hydrocarbons. This is the first time such a methodology is reported, opening a new way 

of magnetic-nanoparticle-based sample handling for pollutant analysis in environmental 

samples with high sensitivity and selectivity. Mercury speciation has also been carried 

out by means of magnetic solid-phase extraction with hybrid nanocomposites 

containing both magnetic nanoparticles and carbon nanotubes [57]. In particular, the 

presence of single-walled carbon nanotubes was more effective than multi-walled ones 

when adsorbing monomethylmercury, the analyte subject to study in this research, as 

adsorption extent raised to more than 80% with the sole addition of 5 mg of the 

nanocomposite during the extraction procedure. The only limitation lies in the 

agitation-by-vortex step, since 30 min was the time needed for a quantitative 

adsorption of mercury onto the nanocomposite. The main advantage was the low 

detection limit achieved by gas-chromatography analyses of derivatised-mercury 

standards, falling to 5.4 pg mL-1, relative standard deviations lower than 6% in all cases. 

Recovery values obtained for dam and tap water were higher than 91%, thus 

demonstrating the selectivity of the extraction methodology for preconcentration of 

monomethylmercury and discrimination from inorganic mercury. However, the 

difficulty in finding standards of single-walled carbon nanotubes makes this approach 

not feasible, unless manufacturers provide with this reagent more often.  

A very interesting breakthrough is focused on alternative routes for synthesising 

sorbent materials likely to be advantageous when compared to conventional cartridges 

involved in classical solid-phase extraction methodologies. The first achievement in this 

field is very recent [58] and investigated the selective obtention of a polymer 

containing styrene and divinylbenzene in different proportions with the addition of 

magnetic multi-walled carbon nanotubes. It is interesting to remark that the specific 

objective is the imitation of an existing cartridge for solid-phase extraction, specifically 

Strata®, whose composition is mainly based on styrene and divinylbenzene, to then 

carry out a controlled synthesis with different proportions of them both to enhance 

adsorption capacity. The introduction of magnetic multi-walled carbon nanotubes was a 



Introduction 

	

	

31 

crucial step to improve efficiency in magnetic solid-phase extraction. The first practical 

use of this new material was the preconcentration of four antidepressants and 

analytical application to human urine samples with lower detection limits than the 

above-mentioned cartridge. An alternative method based on extraction with this co-

polymer has been developed to monitor up to seven antidepressants in blood spot 

samples prior to separation by CLC [59]. This research is of great interest due to the 

simplification achieved for such biological samples in relation to conventional blood 

sampling strategies, typically requiring a storage temperature, careful transportation 

and complex sample handling. Besides, limits of detection are in the region of 0.2-0.4 µg 

mL-1, low enough for such a quick methodology. The applicability of the new polymeric 

sorbent synthesised in this group for antihypertensive drugs will be discussed in detail 

throughout this Thesis. 

 

1.4. The increasing applicabil ity of magnetic nanocellulose 

 

Magnetic nanoparticles are of interest in the agri-food field, and Sudan dyes are 

an example of this raising concern when banned substances are added in food samples. 

The presence of cotton fibre as a stabiliser of magnetic nanoparticles during their 

synthesis [60] was proven to help reduce particle aggregation, enhancing surface area 

and adsorption sites at the same time. This nanocomposite was practically applied to 

extraction of four Sudan dyes (I-IV) in real samples, namely chilli, strawberry and hot red 

sauce. Sample handling was very simple and phase separation took place by means of 

an external magnet, all steps involving very small amounts of organic solvents. 

Recoveries were much higher for cotton-bearing magnetic nanoparticles, and detection 

limits happened to fall in the region of 0.01 µg mL-1 for the four analytes after 

performing a capillary-chromatography method. The approach developed in this work 

presented several advantages in relation to conventional solid-phase extraction 

methodologies reported in literature, therefore it was exploited for the same analytes 

in similar food samples. A recent study showed the good performance of magnetic 

nanocellulose for Sudan dyes preconcentration prior to sensitive determination in both 

barbeque and ketchup sauce by CLC [61]. This research has meant a beginning for the 
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analytical use of magnetic nanocellulose to quantify such food additives, banned in our 

continent but still a concern for public health all over the world. Preparation of 

nanoadsorbents was tedious and time-consuming, although the extraction efficiency 

permitted to reduce detection limits down to 0.1 µg L-1 and even lower. Additionally, 

the feasibility of obtaining nanocellulose from a natural source such as argan press cake 

opens an alternative route for an appropriate reusability of agricultural residues, 

typically destined to waste. The good features of magnetic nanocellulose have also 

been exploited for determination of nonsteroidal anti-inflamatory drugs in 

environmental items, namely dam, river and tap water, in this case with addition of an 

ionic liquid during the synthesis procedure [62]. Magnetic nanocellulose coated with 

ionic liquid was successfully synthesised and employed as a sorbent material for 

preconcentration of paracetamol, ibuprofen, naproxen and diclofenac up to 30 times 

from their original concentration. Extraction steps were performed in a simple way and 

an external magnetic field was enough to separate the dissolved analytes from the solid 

sorbent. Detection limits were in the region of units of µg L-1, making this methodology 

even more sensitive than existing magnetic solid-phase extraction approaches and 

more environmentally-friendly due to the practical absence of organic solvents. The 

combination of magnetic nanocellulose and ionic liquid is also proposed in a novel work 

presented in this Thesis and will also be subject to study in the near future. 

 

 



Introduction 

	

	

33 

2.  Direct determination of nanomaterials  

 

ndoubtedly, the advent of nanotechnology has signified such a great 

source of benefits for food industry, and this is an actual trend likely to 

evolve in coming years [63]. Nonetheless, despite a spectacular 

increment in the amount of nanomaterial-containing goods (a summary 

is found on table 2), there is a need for further research in this field as studies hitherto 

conducted are clearly insufficient. Moreover, uncertainty about safety implications of 

food items commercialised by industry is an increasing concern, given that all these 

products are assumed to release nanomaterials into the environment [64]. This is the 

reason why no time should be lost to study nanomaterials contained in distinct matrices 

[65].  

 

Table 2. Several examples of direct determination of nanomaterials in food items. 

U 

Nanomaterial  
type Sample matrix  Analyt ical  

technique 

 
S ize range 

 

 
Reference 

AlNPs 

    
    

Noodles spICP-MS 54-83 nm [66] 
    
    

ZnONPs 

    
    

Corn, wheat ICP-OES 25-60 nm [71] 
    
    

CNPs 

    
    

Caramels, instant 
coffee TEM, XRD, FTIR 4-30 nm  

[74] 
    
    

AgNPs 

 
Pears 

 
ICP-OES 

 
20-70 nm 

 
[82] 

 
Fruit juices 

 
spICP-MS 

 
30-100 nm 

 
[86] 

    
Mussels CE-DAD 20-60 nm [87] 

    

SiO2NPs 

    
    

Coffee creamer HDC-ICP-MS 50-200 nm [95] 
    
    

TiO2NPs 

    
    

Chewing gum spICP-MS 30-400 nm [112] 
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There are special implications in the agri-food field, since the number of 

analytical approaches addressing direct determination of engineered nanomaterials is 

starting to exceed a hundred publications. These engineered nanomaterials may be 

found as inorganic particles (metal and metal oxide nanoparticles) or organic particles 

based on both natural and synthetic polymers originated by emulsions or from 

crosslinking by either ionic or covalent interaction. Focusing on inorganic engineered 

nanomaterials, their presence is quite common in items namely sugar glass, coffee 

cream, milk, instant soups, food caramels and natural products such as tomato, 

cabbage, fish tissue, chicken meat or pears. Diverse analytical techniques have been 

employed to detect and quantify the presence of nanoparticles at low concentration 

levels. 

For instance, single-particle inductively-coupled plasma-mass spectrometry 

(spICP-MS) has been exploited for investigating the addition of aluminium-containing 

nanoparticles in noodles [66] after a complex digestion of this sort of pasta samples, 

and aluminium levels were found to be in the region of units of µg g-1, this being the 

first time such a study was reported. The usefulness of spICP-MS for direct confirmation 

of nanoparticles in food items is undeniable. Selenium nanoparticles have been 

demonstrated to be added in yeast-based food supplements enriched with selenium 

[67], although the necessary parameters for this purpose had to be carefully chosen so 

as to avoid undesirable background signals preventing a sensitive detection of selenium.  

A great deal of analytical techniques has been proven to be powerful when it 

comes to nanomaterials characterisation in food samples. This is the case of 

transmission electron microscopy (TEM) or X-ray diffraction (XRD), typically useful for 

obtaining molecular structure and observing the features of very small specimens. Both 

techniques have been exploited to spot yttria nanoparticles in young cabbage plants 

[68], as well as accumulation of them in the root, since they are not immediately 

transferred to the stem. It is interesting to point out that the environmental impact of 

yttria nanoparticles had never been studied until this report, although they are well 

known as components of phosphors responsible for red colour in television picture 

tubes.  



Introduction 

	

	

35 

This is a further reason for a more thorough work oriented to identification of 

engineered nanoparticles effect on the lifecycle, independently of their usefulness in 

tools fabrication or functioning. Another research has recently revealed the influence of 

diverse kinds of metal nanoparticles in tomato plants exposed to them [69], with 

techniques such as TEM being crucial to determine particle sizes and their distribution 

across the plant. When a soil is amended with silver, cobalt, nickel, ceria or titania 

nanoparticles, nutrient concentration in tomato plants tends to decrease and, despite 

not knowing neither the uptake mechanism nor the risk of NPs in food crops, it has 

been proven that a direct relationship may exist between the exposure of food plants to 

metal nanoparticles and the decrement in the mineral content, then further reports are 

needed to assess the behaviour of these nanoparticles and particular role in the food 

chain, perhaps the most interesting and concerning aspect. Zinc oxide nanoparticles 

(ZnONPs) have also been proven to disrupt physiological and biochemical functions in 

green peas [70], but this harmful effect may be reduced if zinc is doped with iron, as 

reported in an approach addressing growth of this plant in a soil under these conditions 

throughout a whole month. XRD and TEM were employed for nanoparticles imaging and 

size experienced a great increment for doped zinc oxide with 10% iron in relation to 

pure zinc oxide. This might be the reason behind the lesser extent to which the 

nanoparticles are available to green peas, together with the lesser dissolution degree as 

the hydrodynamic diameter is significantly higher when doping takes place. Anyway, 

confirmatory studies have to be conducted to predict this uptake mechanism and 

implement the achieved findings in fruit quality control. Alternatively, ZnONPs can 

contaminate corn starch, yam starch and wheat flour in conjunction with titania 

nanoparticles, and their content can be quantified by techniques namely inductively-

coupled plasma-optical-emission spectrometry (ICP-OES), as demonstrated in a 

research conducted with spiked samples [71]. A reliable method was proposed for 

detection, characterisation and quantification of both zinc oxide and titania NPs, with 

detection limits in the region of 0.1% and an evident change in elements concentration 

when NPs were present in corn, yam starch and wheat flour. These three samples were 

successfully analysed and this methodology may be suitably transferred to other food 

systems. The bioavailability of metal oxide nanoparticles to living tissues is another issue 
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of study in the near future, as very little research has been conducted until now, apart 

from limited studies with carbon-based structures such as fullerene [72]. 

Ecotoxicological impact on fish has been assessed when ZnONPs, ceria and titania 

nanoparticles participate in the habitat of both zebrafish and trout [73], but an actual 

hazard of these engineered nanomaterials has not been clarified yet. ICP-OES provided 

evidence of no uptake of these metal oxide NPs by fish tissue, although energy 

dispersive X-ray spectroscopy (EDX) showed a scarce NPs incorporation from the water 

column across the epithelial membrane. Therefore, the bioavailability of unmodified 

NPs to fish is not relevant as NPs are prone to associate with biological material. A lack 

of knowledge about the fate of NPs shall lead scientists to study natural systems in 

depth, given that a real long-term exposure to NPs exists in the environment. 

Very little research on direct analysis of carbon nanoparticles (CNPs) in food 

items has been carried out until now. Caramels coming from biscuit, corn flakes and 

bread include CNPs in their composition, as argued in an interesting work [74] wherein 

the photoluminiscence of these nanoparticles was crucial to identify them by 

calculation of quantum yield. Although sugar is not a fluorescent material, the caramel 

is prepared at such high temperatures that the formation of CNPs takes place and their 

luminiscence starts to be noticed, together with the fact that the higher the 

temperature the smaller the CNPs originated.  

Size confirmation by TEM analysis was required for proving the different sizes 

obtained. This is not the only work dealing with photoluminiscent CNPs, as they have 

also been found in a well-known brand of instant coffee [75]. In this detailed study 

carbon dots were identified by TEM, X-ray diffraction (XRD) and Fourier-transform 

infrared (FTIR), powerful techniques revealing that these nanoparticles are amorphous 

and their average size is around 4 nm. Quantum yield was calculated after excitation 

with UV light and their short-fluorescence lifetime was also monitored. Fluorescence 

was reported to be stable in a wide range of pH values. These carbon dots derived from 

instant coffee can be applied in the imaging of cancer cells as there is no toxicity 

associated with them. Furthermore, this kind of an achievement can open a new route 

for new findings of carbon dots in human drinks with biological applicability. 
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Nanocellulose (NC) can be useful as a non-caloric food additive, substituting 

conventional carbohydrate additives in a great deal of food items. Typically, NC can be 

part of puddings, soups, chips, etc., and NC fibers can be obtained not only from peach 

palm residue as reported before [76], but from fruit such as pomelo or even oil palm. 

The isolation of NC from pomelo fruit can be achieved after a chemical treatment 

including both alkali medium and acid hydrolysis with the support of analytical 

techniques namely FTIR, XRD, SEM and thermogravimetric (TG) analysis with the aim of 

estimating the extent of crystallinity [77], although some agglomeration was observed 

in TEM images. The hydrolysis step was critical to obtain the nanocellulose, whereas 

another study showed that only the alkali treatment was necessary for lignin and 

hemicellulose removal [78] after isolation of NC from oil palm empty fruit bunch. This 

material exhibited good mechanical properties, as well as water resistance and 

biodegradability and it can be applied to starch films reinforcement, due to the 

compatibility with the NC but its amount should be limited so as to avoid 

agglomerations. State-of-the-art techniques have been employed for NC detection in 

both foodstuff and even cosmetics after an easy sample preparation [79]. Asymmetric 

flow-field flow fractionation (AF4) coupled with multi-angle light scattering (MALS) was 

capable of determining size of both standard nanofibers, previously synthesised from 

microcrystalline cellulose, and nanofibers coming from toothpaste, coconut milk and 

syrup with previous extraction involving an ionic liquid. Dynamic-light scattering (DLS) 

was also required to investigate size populations present in the samples. The main 

pitfall of this methodology is perhaps the lack of quantitative results, therefore it is 

possible to obtain evidence based solely on detection. 

Amongst metal nanoparticles and their direct identification in food samples, 

there is one type standing out in recent years: silver nanoparticles (AgNPs), which have 

been characterised and quantified by means of diverse analytical techniques, from 

capillary electrophoresis (CE) with conventional diode-array detector (DAD) to more 

advanced equipment such as AF4-ICP-MS, spICP-MS or ICP-OES. The number of scientific 

reports dealing with AgNPs direct analysis is not large, but their appearance in foodstuff 

namely chicken meat, pears, tomato, cucumber, orange juice, mussels or even tomato 

soup has raised awareness of the need for monitoring the amount of AgNPs in each 
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particular sample. They have received attention due to their usefulness as a pesticide in 

the agri-food field and, alternatively, they can be applied to animal feeding and as a 

microbial agent for broiler chickens [80]. In the analytical field, there is still a lot of 

work to be performed, but some examples are herein reported. AgNPs have been 

successfully characterised and quantified in plant tissues by a methodology combining 

spICP-MS analysis and TEM imaging [81], their uptake and accumulation being 

demonstrated in roots and leaves exposed to AgNPs at concentrations in the region of 

tens of µg L-1 during a certain time period. The relevance of this achievement is 

enormous, as no previous studies have reported in detail the exact location of AgNPs 

within the plant, although there is a need for pinpointing both the pathway and uptake 

mechanism followed by nanoparticles once entering the plant. Pear contamination via 

AgNPs has been described as well [82] in a study utilising a variety of analytical 

techniques (e.g. TEM, SEM and ICP-OES) aimed at quantifying residual AgNPs present in 

pears treated with them over four days. It was proven that low-sized AgNPs (20 nm) 

were prone to penetrate the pear skin and pulp, whilst medium-sized ones (70 nm) 

would not penetrate. Detection limits fell into tens of µg kg-1 and this novel 

methodology is a promising step forward in agri-food field. Besides, with further studies 

supporting this achievement, it is likely to be applicable to other sorts of fruits or crops, 

since it is not only necessary to detect, characterise and quantify metal NPs in food 

tissues, but also to monitor their penetration route. An alternative approach based on 

biosensing of AgNPs in fresh vegetables and river water samples has been satisfactorily 

addressed [83].  

In this study, the features of a surface plasmon resonance (SPR) sensor were 

exploited for a sensitive detection of low-sized, non-modified AgNPs in cucumber, 

tomato and river water extracts at µg L-1 levels for the spiked samples. Detection was 

quick (no more than 10 min) and sample handling was not complex, although matrix 

effect was minimised as sample dilution increased. Moreover, sensor chip was robust 

and stable throughout several months, hence the applicability of this method may be 

extended to automated screening for an effective assessment of environmental and 

food safety. This approach might be supplementary to an aforementioned study dealing 

with AgNPs detection and their effect on nutrient content reduction occurred in tomato 
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plant. AgNPs of different sizes have also been quantified in simulated food matrices 

consisting of solvents namely distilled water, ethanol or acetic acid with the support 

from analytical techniques such as spICP-MS. Several laboratories have contributed to a 

comparative study intended to investigate the suitability of this technique for detection 

and quantitation of AgNPs with particle diameters of 20, 40 and 100 nm [84]. This 

assessment happened to succeed, but the main drawback was the quantification of 

nanoparticles as mass or particle number concentration, limits remaining unknown. 

Furthermore, certified reference materials for AgNPs are lacking. Due to their 

antimicrobial properties, AgNPs are often employed as inner coatings for food storage 

containers to keep foodstuff fresh for a long time, yet the risks associated with this 

preservation are not under control and they must be studied in detail. Plastic containers 

have been analysed for AgNPs spotting in several brands of commercial plastic involved 

in food storage purposes [85]. These AgNPs actually migrate into food, a migration 

being promoted as substance acidity increases. Despite the amounts not exceeding 

levels stated by the European Food Safety Authority (EFSA), specific features of 

nanomaterials are not considered, and no cut-off levels are defined for particle 

migration from the contact materials, thus there is uncertainty about the risks of 

consumer exposure to AgNPs. Fruit juices have been assessed as novel matrices for 

validating analytical methodologies intended to analyse AgNPs by means of spICP-MS 

with no need for previous sample handling [86].  

In a recent approach it has been proven that spICP-MS is suitable for both AgNPs 

and gold nanoparticles (AuNPs) analysis in orange and apple juice after simple dilution 

of these food items. However, detection limits were not accessible due to the lack of 

adequate standards for all materials and there are more limitations related to accuracy 

and precision when it comes to low sizes, although bigger particle sizes were 

successfully measured and spICP-MS is likely to be applied for nanoparticle detection at 

low concentrations in various types of food samples. Another more recent research has 

described the achievement of low detection limits for AgNPs in orange juice (in the 

region of tens of µg L-1) after performing a micro solid-phase extraction with sulfonated 

NC as sorbent material and CE analysis with conventional UV detection [87]. The 

synthesised sorbent material showed a selective affinity towards AgNPs and organic 
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solvents are avoided by means of this methodology. It was also validated in mussels 

tissue, a complexer matrix, but the main drawback was found to be a lower enrichment 

factor than initially expected. This is a study of great relevance, since it means a step 

forward in the ‘third way’ of Analytical Chemistry, defined as the new highway of 

Analytical Chemistry wherein nanomaterials are not only employed as analytical tools 

for sample handling, but they also act as the target analyte to be monitored in the 

samples. 

Apart from the aforementioned works addressing direct analysis of AgNPs in 

several sorts of food matrices, it is remarkable to discuss a series of studies in which 

chicken meat was the matrix to be spiked with AgNPs for the development of new 

analytical approaches mainly based on the features of AF4 and spICP-MS as a detection 

device. AgNPs would be separated by size from the meat matrix and recovery values 

obtained were high after applying an enzymatic digestion as sample handling [88], 

concentrations measured being approximately tens of ng L-1 in absence of detection 

limits and other analytical figures of merit. However, methods consisting of spICP-MS 

analysis have been validated for sizing and quantification of AgNPs in chicken meat 

[89], detection limits falling into tens of µg kg-1 for 60-nm AgNPs spiked onto the 

samples and yielding a high degree of trueness and robustness. By contrast, AgNPs 

were not stable once they were contained onto the chicken meat and their size 

decreased the day after spiking the samples. For this reason, the feasibility of producing 

reference materials has been evaluated in a recent study for AgNPs detection in spiked 

chicken meat [90].  

Materials derived from this research were homogeneous and stable enough, 

and it may be possible to assign a value needed for a certified reference material, this 

achievement meaning a step forward for improving analytical methods and reference 

materials. In spite of this, further research must be conducted to investigate differences 

in size distributions between neat suspensions and meat samples. More recently, a 

detailed work has revealed an in-house validation for coupling AF4 and ICP-MS aimed at 

AgNPs determination in chicken meat [91]. Analytical figures were relevant, with 

detection and quantitation limits down to units of µg g-1, but repeatability and 

reproducibility of the method are still to be improved in the future. It is interesting to 
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point out an interlaboratory study aimed at size determination and quantification of 

AgNPs in chicken meat by spICP-MS [92], which has proven the significant size 

decrement of AgNPs spiked onto the samples, whereas median diameter was much 

larger in dispersion. Reproducibility values in terms of standard deviation were very 

high (15-25%) and AgNPs mass fraction quantified was higher than the ones obtained in 

previous studies. Thus determination of mass fractions and concentrations are neither 

true nor reproducible for application of this methodology to complex matrices. Bias 

must be minimised to obtain more robustness in this analytical approach, although a 

likely chemical reactivity of AgNPs has not been considered so far. 

Metal oxide nanoparticles are largely the most common nanomaterials added 

into food items and there are two structures standing out as food additives: silicon 

dioxide or silica (SiO2) and titanium dioxide or titania (TiO2), them both included into the 

positive list of additives described by European Union, being numbered as E-551 and E-

171, respectively. Silica has been used for many years in wine and beer clearance, as an 

anti-caking agent in powders and to thicken pastes. Though silica has been considered 

as safe and approved as a food or animal feed ingredient [93], risks associated with 

SiO2NPs have been evaluated in mice and it was demonstrated that SiO2NPs with a size 

lower than 100 nm are likely to complicate pregnancy or coagulopathy in mice 

systematically exposed to them [94].  

However, surface-modified SiO2NPs were unlikely to damage, therefore it was 

suggested that it is possible to reduce adverse effects and enhance safety of 

nanomaterials if their surface properties are modified. SiO2NPs can be present in 

natural products namely salt or soybean and foodstuff preparations such as instant 

soups, milk powder or coffee creamer. Surprisingly, not many studies dealing with 

SiO2NPs determination in food matrices have been carried out, but very interesting 

approaches are worth mentioning. A very detailed report tackling the risks related to 

the presence of SiO2NPs was published in 2011 and it highlighted the addition of 

nanosilica in products such as pudding powder, powdered sugar, instant mashed 

potato, sugar and salt with no E-551 stated in their labels [95]. SiO2NPs in the range 50-

200 nm were quantified down to units of mg g-1 with ICP-MS and sizes were confirmed 

by TEM images, this study being pioneer in direct analysis of SiO2NPs in a wide variety of 
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food matrices, either officially including E-551 or not. Over the last five years a limited 

number of scientific papers have been issued and they have been focused on a specific 

food matrix. This is the case of soybean powder, whose contamination with both silica 

and ceria has been assessed by analytical techniques including TEM, SEM hyphenated 

with EDS and Epithermal instrumental neutron activation analysis (EINA A), a very 

sensitive technique for quantification of trace elements in samples [96].  

Nanosilica was investigated in a concentration range of 0-0.75 wt% and 

recoveries from spiked samples were beyond 85% in all cases, thus this analytical 

approach happened to be suitable for assessing contamination of NPs in food items 

both qualitatively and quantitatively. Due to the lack of reference materials for SiO2NPs, 

it was necessary to study the feasibility of producing them, as in the case of AgNPs. In a 

recent work the production of reference materials for detection and size determination 

of nanosilica in tomato soup has been described [97]. In spite of the problems faced in 

this work, the materials obtained were demonstrated to be homogeneous and stable 

when stored at room temperature, then a first step was given towards production of 

certified reference materials for SiO2NPs in a food matrix. However, relevant aspects of 

this methodology must be improved, for instance uncertainty of stability for the soup 

matrix, precision, bias reduction and there is need for conducting interlaboratory 

studies providing independent results so as to develop reference materials as such. As 

regards state-of-the-art techniques and their involvement in SiO2NPs analysis, the 

potential features of AF4 hyphenated to several detectors for both size determination 

and quantification of SiO2NPs in coffee creamers has been reported [98].  

Powerful detection devices namely ICP-MS, MALS or TEM achieved to detect 

100-nm SiO2NPs in this sort of food preparation after a sample handling involving 

defatting with hexane. Concentrations detected were approximately 50 mg kg-1 for 

nanosilica, but some difficulties concerning sample preparation have to be 

circumvented or an alternative handling protocol may be proposed, and a more 

selective detection of SiO2NPs is desired. Later works have exploited the hyphenation of 

AF4 with sensitive detection devices for nanosilica analysis, for example ICP-MS 

[99,100] or ICP-MS/MS [101] and they may be currently used in food items, although 

these AF4-based methodologies were not tested on real samples after validation. A 
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similar approach involving MALS and ICP-MS was addressed for detection, 

characterisation and quantification of SiO2NPs in a complex matrix such as tomato soup 

[102], the key aspect being sample preparation, which was optimised and consisted of 

homogenisation, SiO2NPs separation from the matrix, followed by enrichment and 

stabilisation of nanosilica. Recovery values obtained were high and the main pitfall of 

this study is the difficulty in achieving low detection limits, since commercial products 

contain SiO2NPs at lower concentrations than the ones in the region of µg L-1. Besides, it 

has been demonstrated that nanosilica can be quantified in units of mg g-1, therefore 

those limitations call for further work orientated to address sample preparation 

strategies intended to increase enrichment factors. 

Titanium dioxide (TiO2), apart from being a component of cosmetics and 

personal care products, is another food additive (E-171) frequently used to enhance 

white colour, brightness and even flavour of food products. TiO2NPs are by far the most 

widely analysed engineered nanomaterials in food items and over 15 articles have been 

published on nanotitania detection and quantification in food matrices over the last five 

years. A large number of food matrices (e.g. chewing gum, candies, baked goods, 

chocolates, sauces, etc.) both labelled as titania-containing and not, has been subject to 

characterisation by SEM and DLS in order to observe nanotitania present in these 

samples and determine size [103], this being not simple to predict due to the very 

broad distribution. For example, TiO2NPs size distribution ranges from 30 to 400 nm in 

chewing gum, around 40% of them being smaller than 100 nm, fact subsequently 

demonstrated in a more detailed study focused on six commercial brands of chewing 

gum [104]. From an analytical point of view, the main difficulty to be faced in this sort 

of studies was sample preparation, often involving a sulfuric digestion proven to be 

problematic for ICP-MS analysis. This is the reason why alternative, easier 

methodologies have been reported so as to bypass such a barrier in TiO2NPs 

quantification. For instance, nanotitania has been determined in fish tissue following a 

low-cost and time-effective method likely to be applicable to environmental monitoring 

as well [105].  

Sample handling included a much simpler digestion contrasted with previous 

studies counting on destructive digestion procedures for specimens subject to analysis. 
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Moreover, recovery was improved and reached beyond 90% with the addition of a small 

amount of tensioactive and some time of vortexing. ICP-OES was effective enough to 

quantify TiO2NPs at concentrations lower than 5 µg L-1 in digested fish tissue and this 

methodology may enable routine determination of Ti from nanotitania present in this 

animal, as well as other dissolved metals with acceptable analytical precision and 

accuracy (variation coefficients below 7%). This study may support a previous research 

wherein bioavailability of TiO2NPs to fish tissue was not well defined, though further 

steps forward need to be given.  

More recently, state-of-the-art analytical techniques have been exploited to 

investigate nanotitania content in a wide range of both personal care and food 

products. This is the case of AF4 hyphenated to ICP-MS or spICP-MS, a relevant advance 

which has certainly contributed to quantify Ti content down to concentrations lower 

than 0.1 mg per gram of product [106]. More importantly, it has been possible to 

define the nanoparticle fraction from the total amount of TiO2 added to commercial 

products, either being labeled with E-171 or not, but serious difficulties derived from 

AF4 hyphenation to ICP-MS jeopardise further achievements. These troubles mainly 

concern two aspects: determination of size distribution and element quantification for 

TiO2NPs [107].  

Typically, instrumental parameters cannot be avoided but they may be 

minimised if they are well known by the analyst (e.g. NPs accumulation in the 

membrane, cross flow rate or carrier composition), hence a very careful optimisation is 

mandatory to make this approach promising for the future analysis of not only TiO2NPs, 

but other sorts of NPs. In addition, it is important to bear in mind that TiO2NPs show 

such an aggregation degree that impedes even more their separation and 

determination of size distribution with reliability, and peak width exhibited is normally 

large. An alternative coupling for AF4 with DLS and MALS detectors has recently been 

described [108].  

It was successfully applied to polydisperse titania samples, proven to contain 

nanoparticles in more than 50% of a size distribution containing microparticles as well. 

Sonication was crucial during sample handling, several time periods being assayed in 

order to obtain the optimum sonication time, yet peaks shown on DLS measurements 
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are broad. The exact quantification of TiO2 ‘nanofraction’ in food samples bearing E-171 

is relevant, above all to assess the actual intake of nanotitania by the population. An 

interesting study [109] has revealed the daily intake of TiO2NPs in Dutch society by 

means of ingesting food products and employing personal care goods. Results obtained 

in previously mentioned studies dealing with AF4-ICP-MS and TEM as analytical 

techniques were suitable to theoretically quantify the exposure of human individuals to 

nanotitania. Hence, disregarding all difficulties above described for hyphenation of AF4-

ICP-MS to powerful detection devices, this seems to be a pathway to be followed in the 

future for TiO2NPs characterisation and determination of size distribution to distinguish 

between nano- and microfraction. Nonetheless, in case of non-available AF4, ICP-MS or 

similar equipment in the laboratory, techniques like TEM, SEM or XRD can provide 

qualitative information about NPs abundance and size distribution in aqueous medium 

or even simulated matrices such as body fluids [110]. 

Last year, a couple of spICP-MS-based studies have reported direct 

quantification of TiO2NPs in such different foodstuff as rice and candy products. In the 

first case, nanotitania uptake in rice plants was evaluated [111], accumulation of Ti 

occurring in above-ground tissues when TiO2NPs enter the plant root. Quantitatively, 

just particle concentration was provided by this method and size distribution was very 

well defined for nanoparticles, whilst particles beyond 100 nm showed a much broader 

size distribution, therefore DLS analyses may probably yield conclusive results. More 

recently, a novel research has demonstrated the potential of triple quadrupole ICP-MS 

instrumentation for determination of size detection limit with much more precision 

than common approaches with quadrupole-based ICP-MS, and the developed 

methodology was applied to chewing gum samples [112], all TiO2NPs being smaller 

than 200 nm. The aspect calling one’s attention in this research work, apart from the 

excellent features of the triple-quadrupole analyser, is the easy sample preparation, 

since solely dilution and sonication were needed before performing spICP-MS 

acquisitions. 

As observed hitherto, literature dealing with direct determination of 

nanomaterials in food items is abundant, even though the number of research papers 

may not be directly proportional to the enormous social concern raised by the advent of 
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engineered nanoparticles and their presence in daily-life products. There are a few 

publications dated over the last five years on the addition of nanotitania to personal 

care items and cosmetics. Special attention should be paid at sunscreens, since this new 

nanoingredient is recently taking prominence, hence analytical methods should address 

this unexpected component. Various techniques such as DLS, spICP-MS and ICP-MS in 

other modalities have been employed in a profund study on determination of 

nanotitania and nanogold in a great deal of cosmetic products (shampoo, facial cream, 

sunscreen...) [113] which will surely set an example for subsequent publications on this 

matter. The presence of TiO2NPs was spotted in lip balm, a kind of a toothpaste and two 

types of sunscreen, although there are a couple of facets standing out in this research: 

firstly, the introduction of a SDS-based sample treatment prior to spICP-MS, which in 

fact avoids the tedious steps when applying typical defatting with hexane, and the 

elemental impurities evaluation in all matrices subject to study, as some elements can 

negatively intervene in the total determination of the atoms of one’s interest. The same 

authors confirmed the presence of nanotitania in sunscreen samples by means of spICP-

MS, in this case with the introduction of AF4 as a reliable technique for a deeper 

understanding on the particle size fractionation in these real samples [114]. 

Nanoparticle-shape information was gathered by microscopic techniques such as TEM 

and SEM, since only size dimension can be collected by means of spICP-MS or AF4. A 

previous study on sizing TiO2NPs in sunscreens had been conducted years ago, a further 

novel aspect being the easy sample handling, which consisted of a dispersion in a 

tensioactive followed by sonication and dilution [115]. It is also interesting to highlight 

unique publications that mean the beginning of nanoparticle-release assessement from 

commercial items such as toothbrushes [116], textiles [117] or even baby products 

suspected to be treated with nanoparticles [118]. 

 Another challenging issue still to be faced in Analytical Chemistry lies in 

monitoring engineered nanomaterials as pollutants in the environment, since they 

represent an actual hazard to be assessed in the future, yet there are research lines 

addressing engineered-nanomaterial analysis in environmental samples [119]. 

Nowadays, the main concern is conducting research focused on the nanoparticles fate 

in the environment, though it might not be enough due to the variety of physico-



Introduction 

	

	

47 

chemical events undergone by nanoparticles once they are released to the 

environment. Besides, engineered nanoparticles can be derived from numerous 

sources, namely rain, natural or surface water, soil, sediment and a broad etcetera, and 

their release can be either accidental or intentional. Concentration levels are also to be 

carefully monitored (for instance, amounts in the region of ng L-1 are predicted to be 

found for TiO2 and ZnO in surface waters) [120] and dedicated analytical methods shall 

be developed to deal with this concerning matter, even if the number of reported works 

to date is not as abundant as needed. spICP-MS has been successfully employed for 

quantification of ZnO nanoparticles in waters and two studies confirmed the suitability 

of this technique. Detection limits down to 50 ng L-1 would be obtained for ZnO 

nanoparticles [121] in both water and wastewater samples after applying cloud point 

extraction (CPE), a separation and preconcentration procedure commonly aimed at 

determination of metal traces in several kinds of matrices [122]. The usefulness of this 

new approach is undeniable, as it permits to minimise or eliminate interferences 

present in the matrix, resulting not only in a reduction of detection limits for metals, but 

in an enhancement of their detectability. Besides, it is an easy and low-expensive 

procedure, preconcentration factors are high and it can be included into the analytical 

methods meeting green-chemistry requirements, since it is environmentally safe. 

However, this extraction procedure needs a previous optimisation of parameters 

namely ionic strength, incubation time, pH or surfactant concentration, these being key 

factors for extraction efficiency. The use of ion-exchange resins has been successfully 

applied to quantification of ZnO nanoparticles even in unspiked waters [123], with 

concentration levels down to units of ng L-1 for particulate Zn and this is the first time a 

similar study is reported. Analysis by spICP-MS has previously exhibited a high 

background owing to dissolved Zn, making impossible to measure nano ZnO, hence this 

new approach combining a powerful technique with a resin is a promising method for 

detection and characterisation of nanoparticles at very low concentrations in both 

environmental and toxicological analysis. 

Direct determination of metal nanoparticles in environmental items is seldom 

described, although there are a few worthy examples with several metal-bearing 

nanomaterials. CPE, as stated before, is a useful approach for minimising pitfalls 
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associated with metal nanoparticles, namely aggregation, adsorption or dissolution, and 

nano CuO has been enriched up to 89 times in environmental waters after optimisation 

of key parameters intervening in this methodology [124]. Detection limits decreased to 

0.02 µg L-1 for ICP-MS and 0.06 µg L-1 for atomic absorption spectrometry with graphite 

furnace. The main limitation of this research is the wide recovery range for spiked 

samples, in particular at lower concentration levels (down to 5 µg L-1), meaning that 

losses of CuO are more significant at those concentrations when nanoparticles 

dissolution takes place. 

Direct analysis of engineered nanomaterials in environmental matrices has 

started to be reported at the beginning of the current decade. For this reason not many 

scientific papers have been reported in this field. One of the most problematic issues 

when it comes to nanoparticle quantification is the wide size range found in real 

samples.  
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3.  Role of Capil lary Electrophoresis in Analytical  

Nanometrology 

 

n overview on the increasing role of Capillary Electrophoresis in direct 

analysis of nanomaterials is herein presented. Abundant evidence of the 

suitability of electrophoretic approaches for separation and 

characterisation of numerous nanostructures have been provided, even if 

the number of articles published to date does not reach overwhelming figures. Non-

metallic, metal, metal oxide nanoparticles and quantum dots have been analytes to be 

targeted via capillary electrophoresis with conventional detection systems or 

developing coupling arrangements aimed at increasing selectivity and sensitivity 

towards either pristine or conjugated nanoparticles. Parameters altering intrinsic 

properties of nanoparticles can be optimised in order to gather the desired results and 

identify nanomaterials according to their size, shape or associations with binding 

agents. The applicability of electrophoresis-driven strategies to actual samples is still to 

be investigated, but significant steps forward are being given in analytical 

nanometrology for a deep insight into behaviour of nanostructures under diverse 

conditions mimicking biological or environmental media. The usefulness and quickness 

of capillary electrophoresis for quantifying or screening ultrasmall-sized nanoparticles 

enables this technique to set an example for analysis of standards or previously-

synthesised nanostructures in research or routine laboratories, perspectives being 

optimistic in the short term. 

A 
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Introduction 

 

Over the last two decades, capillary electrophoresis (CE) has emerged as one of 

the most extensively-used separation techniques for numerous sorts of metal 

nanoparticles, either in a direct way or as partakers in off-line analytical approaches 

involving sample treatment, or even as components of the stationary phase in order to 

enhance separation. Nonetheless, the development of CE as understood these days 

goes back to the 80s, when Jorgenson began to demonstrate that it was feasible to 

achieve separation of charged substances, and this approach became an alternative in 

relation to traditional gel-performed electrophoresis. Preliminary results were shown 

after separation of amino acids in open-tubular glass capillaries of 75-μm inner 

diameter and application of 30 kV as a voltage [125]. Time analysis was significantly 

reduced but the main drawback was the heat generated during the electrophoretic 

process, not dissipated across the capillary surface. This limitation was proven to be 

circumvented by reducing capillary diameter or applying lower currents [126]. 

Furthermore, the need for more sensitive detectors was a mandatory requirement in 

order to achieve a further evolution of the technique, together with a deeper study of 

capillary-surface modification for a more efficient control of electroosmotic flow [127]. 

Nonetheless, introduction of capillaries permitted to perform both on-line sample 

injection and detection, also making this format adequate for automation given the 

reusability of capillaries. In this way more accurate quantitative information can be 

obtained [128].  

At that time, this sort of separation carried out by CE meant an important step 

forward and an enormous breakthrough, thus becoming an actual trend in Analytical 

Chemistry. This approach was named Capillary Zone Electrophoresis, an outdated 

terminology in recent years as this modality is simply regarded as Capillary 

Electrophoresis. Since the primary development of electrophoresis-based analytical 

methods, the list of target chemicals to be analysed by means of this separation 

technique has not ceased to increase, and thanks to the appearance of nanotechnology 

and nanoscience a new highway of analytical applications has been opened. To be 

precise, there are three main paths by which nanomaterials virtues may be exploited in 
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CE: as analytical tools for off-line strategies aimed at sample handling prior to 

electrophoretic analysis, as components present in the background electrolyte or in the 

stationary phase and mere analytes to be directly separated according to their sizes, 

shapes or any other unique features. The main goal addressed in this review is to 

highlight the most recent advances made in CE for the development of analytical 

approaches dealing with nanomaterials in the field of nanometrology (see statistics on 

Figure 4).  

Figure 4. Target nanoanalytes pursued in CE methodologies and publication statistics. 

 

Additionally, suggestions for future work will be provided, since there are still 

limitations to be overcome concerning the use of CE as a separation technique (e.g. lack 

of sensitivity from conventional detectors or long-time analysis in some particular 

cases). However, in recent years these disadvantages have been minimised by means of 

novel preconcentration approaches or coupling arrangements between CE and 

powerful detection devices. 
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Nanometrology 

  

The definition of nanometrology involves not only mere physical measurements 

at the nanoscale level, but also chemical, toxicological and a broad etcetera, then this is 

such a wide issue to deal with in measurement science [129]. In fact, it can be 

considered that ‘nanometrology’ and ‘measurements at the nanoscale’ are synonyms, 

bearing in mind the definitions established for ‘nano’-concepts by International 

Organization for Standardization (ISO) [130].  

Nowadays, the importance of nanotechnology is so great that a whole industrial 

sector is involved in it, the future being promising for a continuous and rapid growth in 

all scientific branches. This development is matched with the need for more effective, 

precise and accurate methods for measuring nanomaterial dimensions. It is at this point 

that nanometrology is called to play a crucial role in order to minimise this lack of 

knowledge when it comes to such small items (down to 1 nm). Last decade it was 

already announced that nanometrology would become a hot topic in Analytical 

Chemistry [131], even if this concept was limited to physicists by that time. The 

potentiality of analytical methods to characterise nanomaterials to be subsequently 

used as standards or tools for quality control gives nanometrology an undeniable 

chemical feature. New methods aimed at synthesising nanostructures are being 

developed with more and more accurate results in terms of size/shape control, 

therefore the role that nanometrology plays in the elaboration of suitable standards is 

critical. Whilst research in this area is properly orientated towards public institutions 

and private enterprises, there are still several limitations for an actual application of 

industrial nanometrology, mainly due to a lack of cost-effectiveness and precision. 

It is beyond doubt that the development of CE-based methodologies for direct 

determination of nanomaterials has experienced an enormous breakthrough over the 

last decade, and research focused on nanoparticles separation has adopted distinct 

lines according to composition of the nanostructures. Several examples of CE direct 

determination of nanoparticles are provided on Table 3. Non-metallic and metallic 

nanostructures will be separately addressed from now on. 
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Table 3. Several examples of direct determination of nanomaterials by various CE-

based analytical approaches. 

 

 

 

Capil lary electrophoresis of non-metall ic nanoparticles 

 

Capil lary electrophoresis for characterisation of carbon-based 

nanostructures 

 

In this narrower area, it is necessary to distinguish between several carbon 

nanostructures subject to study by CE, as this technique has been proven to separate 

simple ones namely carbon dots and other structures with a more chemical complexity, 

such as fullerenes, pentosan, chitosan or even polymeric nanoparticles. The most 

surprising aspect about the potentiality of CE in this field is the direct analysis of such 

small sizes, in some cases solely units of nm, in the electropherograms obtained by 

means of the new nanometrological approaches developed so far. 
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Recently, Wu and Remcho [132] have optimised a CE method with UV 

detection to separate carbon dots (C-dots) previously synthesised with and without 

antibody-mediated modification. Electropherograms lasted less than 10 min, buffer pH 

being the key parameter to reduce time analysis, since it was demonstrated that a basic 

medium promoted a quicker detection. The most interesting side of this research is the 

possibility of characterising C-dot labelling of antibodies, together with quantitation of 

these nanoparticles at units of mg mL-1. The usefulness of CE for monitoring C-dot 

synthesis is not new. The first study on their electrophoretic separation was performed 

by Hu et al. [133] in 2013, opening a promising highway towards the exploitation of CE 

as a powerful technique for nanodots characterisation, this being the first time such a 

monitoring reaction study was reported. Applications of C-dots are uncountable, 

particularly in catalysis, energy conversion or lasers development due to their 

photoluminiscent features, but their modification with an appropriate functional group 

can increment their performance in accordance with one’s research interests. Given 

that as-synthesised C-dots composition is so complex, the need for setting up realiable 

separation methodologies to identify them after carrying out synthesis procedures is of 

great relevance. Graphene oxide (GO) has also been subject to study by CE-based 

methods in two relevant works. Monitoring of nano-GO during the obtention of 

chemically-converted graphene was performed by CE with conventional UV detection in 

a basic medium with a low ionic strength in order not to promote aggregation [134]. By 

obtaining short electropherograms (less than 10 min), it was possible to control 

formation of the final product, thus different steps involved in the preparation of 

converted graphene would be assessed at any time with the aid of CE. If the exfoliation 

was successfully completed, a broad peak would appear in the electropherogram, 

whereas aggregates solely showed spikes. GO fractionation by CE has also been 

reported according to the different migration exhibited by non-exfoliated GO 

nanoparticles and GO sheets during purification after GO synthesis via chemical 

oxidation of graphite [135]. Separation by CE was successfully achieved due to the 

surface charge exhibited by the different GO sheets obtained after synthesis. The pH of 

the medium was critical, given that a pH value of 11 promoted the desired fractionation 
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with a reverse electric field, and the expected peaks as a result, therefore these 

conditions were optimal for a full GO separation. 

More recently, the fluorescent properties of as-synthesised hollow carbon 

nanoparticles were exploited for a sensitive detection of them by CE [136]. This study 

provided a deep description of key factors affecting separation, how they were assessed 

and why each of them was eventually chosen. Beyond doubt, this is the most detailed 

report to date on the influence of buffer composition (presence of SDS evaluated), pH 

and concentration, and other very important parameters namely voltage, temperature 

and injection time on final CE separation of carbon-based nanoparticles, then setting an 

example for future work on this area. 

 

Capil lary electrophoresis for characterisation of CNTs 

 

Amongst carbon-based nanoparticles, there is an outstanding group that has 

emerged in recent years: carbon nanotubes (CNTs). This sort of a nanomaterial has 

attracted attention owing to its unique features and numerous methods for its 

synthesis have been described to date, although commercial single- and multi-walled 

CNTs are also available for their use in routine laboratories. Capillary-electrophoresis 

separation of CNTs has been seldom performed since the beginning of last decade, but 

this technique has demonstrated a great potentiality to resolve these nanostructures in 

a short-time analysis and the feasibility of arrangement couplings with more powerful 

detection devices. Single-walled CNTs were first separated from baseline by Doorn et al. 

in 2001 [137], in a study combining conventional UV detection with real-time Raman 

spectrometry, results being promising for the near future at that time. It was 

demonstrated that CE would provide a high-resolution separation of single-walled CNTs 

with a size down to 75 nm in less than 10 min, the presence of sodium dodecyl sulfate 

(SDS) in the buffer being a critical point, since it promoted the formation of a stable 

nanotubes dispersion to go through the capillary. This research was the first step 

towards a more size-selective separation of nanostructures, signifying an alternative to 

traditional methods based on size-exclusion chromatography or field-flow fractionation. 

Further work by the same authors was conducted in 2003 [138] in order to highlight 
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the capability of CE when separating single-walled CNTs not only by length, but by 

bundle size and diameter. In a similar way than the previous study, the combination of 

CE and Raman spectrometry was useful to characterise synthesised nanotubes 

suspended on poly(vinylpyrrolidone) (PVP) with the presence of SDS in the background 

electrolyte. The most important achievement of this research is the separation of 

aggregates from regions of isolated individual CNTs, bearing in mind that commercial 

ones were not on sale by that time and it was necessary to conduct synthesis 

procedures not always leading to obtain the desired product or the amount initially 

expected. The first report dealing with quantification of CNTs in actual samples dates 

back to 2006, when functionalised multi-walled CNTs previously oxidised were 

quantitatively detected in yeast by a sensitive approach involving CE and laser-induced 

fluorescence (LIF) [139]. CE separation of yeast clearly showed the influx of CNTs into 

yeast cells, since a peak displacement occurred between pristine and incubated cells, 

with short electropherograms (less than 10 min) and acceptable reproducibility (around 

5%). Separation of CNTs took longer but it was possible to quantify down to a few units 

of μg mL-1 with good linearity for calibration. Once more, the addition of SDS to the 

running buffer was proven to be effective as it helped increase reproducibility 

associated with peak area, then promoting a more reliable separation and enhanced 

sensitivity provided by LIF. The finding of this study was interesting as a first approach 

on the evaluation of the unique features of CNTs, well known nowadays. The same 

authors also reported a study on a sensitive detection of derivatised CNTs and their 

attachment to drug-resistant cells [140]. Electropherograms obtained for incubated 

cells demonstrated that an actual uptake of CNTs takes place into both K562A and 

K562S cells, although results are clearer when a single cell is subject to study, since 

analysis of ten cells showed broader peaks due to molecules dispersion. The use of 

CNTs facilitates drug delivery monitoring as CNTs can act as carriers for this type of cells. 

CE has also been demonstrated to resolve both single wall and multi wall CNTs in the 

same run with short-time electropherograms [141]. A novel aspect of the work 

performed by Suárez et al. in 2006 consisted of the introduction of hydroxypropyl 

methyl cellulose (HPMC) in the background electrolyte, demonstrating that stability of 

CNTs dispersion could be improved. This objective was successfully achieved, and HPMC 
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even acted as an alternative reagent to SDS, formerly assayed with excellent results. 

Simultaneous separation of both single-walled and multi-walled CNTs was provided by 

CE in less than 10 min, and it was also feasible to distinguish between different species 

of nanotubes regarding their surface properties. The addition of a molecular probe 

permitted to evaluate little differences in the chemical/physical features of CNTs, 

because the interaction of each type with the probe was not the same, and CE analysis 

yielded a distinguishable peak for each of them. This was the first study on 

electrophoretic separation of both single- and multi-walled CNTs, opening a highway for 

future work not being fully explored so far. In the end of the 2000s two studies were 

described on the separation of single-walled CNTs, which are indeed worth mentioning. 

The use of an ionic liquid was reported in 2008 as a new dispersion/solubilisation 

medium for CE separation of single-walled CNTs in combination with Raman 

spectrometry in order to monitor the dispersion procedure undergone by CNTs [142]. 

The electrophoretic method herein described shows a simpler and quicker separation 

than former studies already cited, since sample preparation consisted solely of 

dispersion of CNTs with the aid of an ultrasonic probe for 5 min and there was no 

further treatment prior to CE analysis. Electropherograms lasted less than 4 min and 

eighteen peaks would be observed for CNTs bundles with a non-tensioactive-bearing 

buffer, although the formation of SDS-micelles in the initial solution was necessary. A 

comparison study combining CE with Raman spectrometry or scanning probe 

microscopy (SPM) was described on determination of fractionated single-walled CNTs 

[143]. Electrophoretic separation happened in less than 20 min, but the most 

interesting aspect of this research is the precise monitoring of G-band for the 

fractionated samples and further confirmation by SPM with a high-resolution power (<1 

nm). The addition of glycine to the running buffer stands out, since no experiments had 

been conducted before with such an amino acid present in the buffer composition, and 

the authors showed no evidence of the effect of glycine on CNTs separation. A more 

recent research focused on CE resolution of single-walled CNTs after covalent 

functionalisation with diazonium salts [144]. This study clearly gave a step forward in 

CE separation of CNTs, since it would not only permit to discriminate them by 

dimensions, but also by differences in surface functional density. Perhaps the main 
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drawback was time consuming sample preparation, since a very long sonication and 

centrifugation process had to be performed so as to remove or minimise aggregates. 

Functionalisation took a few days, therefore this was a further limitation for 

implementing this methodology in the future, although non-functionalised CNTs 

separation was also achieved in a short-time analysis, showing a different peak from the 

modified ones, which exhibited a significant broadening effect due to a possible 

heterogeneous structure after performing covalent functionalisation. The complexity of 

this study is significant, but it made feasible the development of a CE-based 

discrimination method not explored before. 

 

Capil lary electrophoresis separation of organic nanoparticles  

 

The capability of CE for characterising complex carbon-based nanoparticles has 

been widely reported over these last two decades, even though the very first 

approaches date back to the 1980s. Size-dependent separation was already assayed by 

VanOrman and McIntire in 1989 with polystyrene nanospheres as a target analyte 

[145]. They succeeded in discriminating micro- from nano-particles in 

electropherograms lasting less than 6 min for six different sizes of polystyrene, amongst 

which two were in the nano-form (39 and 72 nm). They also demonstrated that particle 

size and migration rate are intrinsically related, that is to say, the smaller the dimension 

the shorter the migration time, following a linear trend. Other important parameters 

affecting resolution, namely injection time and size distribution, were still to be 

assessed. This work set an example for future investigations on size separation by CE, as 

observed in a research carried out by Vanifatova et al. in 2000 [146]. As in the previous 

case, spherical polystyrene nanoparticles were subject to electrophoretic resolution so 

as to differentiate the micro- from the nanoregion, and detailed studies on 

electrophoretic mobility were performed. Migration behaviour of polystyrene particles 

was linked to their electrophoretic properties in such a way that larger particles eluted 

later than smaller ones, but there was a point (around 400 nm) from which a larger size 

would not increase particles mobility, and a pH value of 10 would not promote an 

enhancement of electrophoretic features of the particles. As a result, it was possible to 
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operate in the whole nanoregion and part of the microregion within a wide range of pH 

to achieve a size-selective separation of polystyrene particles by means of CE. In the 

beginning of the 2000s, the first experiments were conducted with nanoparticles of the 

same size but heterogeneous nature, CE being also powerful to achieve this 

complicated goal. Hwang et al. described an interesting research in which 20-nm gold 

and polystyrene nanoparticles were proven to be discriminated from each other by two 

different peaks in CE coupled with conventional UV detection [147]. Firstly, different 

sizes of polystyrene (micro- and nanoparticles) and gold (5 and 20 nm) were separated, 

migration times being gathered, and 20 nm was the dimension monitored in the same 

electropherogram for both species. It is interesting to highlight that CE was also able to 

detect ultra-small gold nanoparticles, therefore a size detection limit for this separation 

technique would not seem to exist, whilst in state-of-the-art instruments does. This was 

the first step towards future applicability of CE to mixtures containing different sizes or 

compositions of nanoparticles, no matter their complexity. This fact was confirmed 

years later in a novel research work described by Abdel-Haq and Bossù in 2012 [148] 

dealing with pentosan, a chemical structure with interesting features to be exploited in 

CE, but not reported before. Separation of unbound and chitosan-bound pentosan 

nanoparticles was completed in a shorter time analysis, as obvious, by reverse-polarity 

electropherograms due to the negative charge associated to the species in a strong 

acidic medium. It was demonstrated that the addition of a cyclodextrin to the 

background electrolyte improved peak resolution, but its use was eventually rejected 

owing to sensitivity losses. Poor reproducibility values typically associated with CE were 

also improved by employing an internal standard for every injection. The interest of this 

finding lies in therapeutic purposes, since nanoparticles may selectively complex with 

chitosan to produce a drug derived from pentosan polysulfate. Another nanocarbon 

structure called nanodiamond, coming from explosives detonation occurred in 

containers, has been characterised by means of CE, paying special attention to the 

composition and pH of the background electrolyte and how these parameters had an 

influence on separation efficiency [149]. It was proven that tetraborate concentration 

was responsible for spikes formation affecting resolution of the desired peak, hence a 

low concentration (10 mM) was chosen in order to avoid or minimise agglutinates and 
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ensure a broad peak distinguished from the electroosmotic flow in a short-time 

analysis. Dynamic light scattering (DLS) was necessary to confirm this event by 

evaluating sample polydispersity index, the value of this parameter being lower under 

the optimal conditions. Nanodiamonds average size was 33 nm and no more than 15 

min were required for a clear characterisation using a moderately basic medium. The 

aforementioned research showed a further application of CE when it comes to organic 

nanostructures, this being a pioneer study on stability, charge and surface properties of 

nanodiamonds, though not subsequently continued. Electrophoretic approaches have 

also been described to resolve a complex mixture of closely-sized nanolatex from 

baseline, in this case combined with Taylor dispersion analysis (TDA) [150]. Two 

nanolatexes of 55 and 70 nm were successfully separated in 10 min with the addition of 

a neutral surfactant to the running electrolyte, otherwise a single peak would be 

obtained for both species. Hyphenation with TDA was crucial to discriminate between 

both nanolatex species in the bimodal distribution, therefore high-resolution power 

provided by CE with accurate size characterisation of TDA were combined with excellent 

results, a synergy existing in this arrangement. Performance of this methodology was 

critically compared with hydrodynamic chromatography (HDC) and DLS, the new 

method exhibiting better resolution though taking a longer time for separation. 

Molecularly imprinted polymer nanoparticles (MIP NPs) and their binding properties 

have been assessed by CE, as they showed affinity toward specific ligands that would be 

measurable with an electrophoretic methodology. The interaction degree between MIP 

NPs and a certain hormone was monitored in order to estimate the thermodynamic 

constant of the reaction [151]. Despite the impossibility of this method for 

differentiating individual peaks for the bound and free MIP NPs, the analytical approach 

developed by Musile et al. offers diverse advantages since no sample preparation is 

required and the composition of the nanoparticles is not relevant due to their inertness 

with the capillary wall. A similar study in this sense was conducted to characterise 

newly-synthesised MIP NPs with a special ability to recognize and determine a 

coenzyme in living tissues [152]. Three types of MIP NPs were separated after a 

selective synthesis of them by modifying monomer proportion, solvent and amount of 

coenzyme. A basic pH (11.2) was necessary to ensure a negative charge for the 
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monomer and, as a consequence, favour migration through the capillary. CE was also 

proven to determine the coenzyme in biological tissues at low concentration levels after 

conducting an extraction procedure with the as-synthesised MIP NPs. 

 

Capil lary electrophoresis separation of metalloid nanoparticles  

 

 The number of studies reporting CE separation of semimetal nanoparticles is 

very limited, therefore a whole world is still to be explored in this area. To date, only 

silicon-based nanostructures have been subject to electrophoretic analyses, results 

being promising for the near future even if further research orientated towards high-

sensitivity levels is needed. Preliminary findings for fluorescent silicon nanoparticles 

were collected by Eckhoff et al. [153], who conducted a chemical functionalisation of a 

silicon semiconductor with an organic ester via hydrosilylation to obtain carboxylated 

nanosilicon. As obvious, a basic pH created the adequate medium to ionise the 

functional groups attached to silicon and separation of nanoparticles between 30 and 

40 nm was successfully achieved. More recently, in this decade, there are four works 

based on silicon dioxide or silica nanoparticles (SiO2NPs) by means of CE strategies. A 

first approach involving ultrasmall silica (less than 20 nm) was developed in 2015 with 

the aim of evaluating migration behaviour of both nanosilica and polyethylene-glycol 

nanoparticles through the capillary, particularly in the presence of SDS as a buffer 

component [154]. DLS measurements provided similar information about size of these 

two different types of nanoparticles, but their electrophoretic separation showed 

differentiated peaks for each of them. The structures of polyethylene glycol and silica 

are so different that their interaction with SDS was the key aspect when in contact with 

this tensioactive across the capillary. The first CE-based analytical method on resolution 

of diverse sizes of nanosilica was proposed as an alternative and low expensive 

approach in relation to other complexer studies conducted with sophisticated 

techniques years before. SiO2NPs size separation by means of CE was obtained when 

coupling a commercial electrophoresis device with an evaporative light-scattering 

detector (ELSD), a research wherein three different sizes (20, 50 and 100 nm) of 

SiO2NPs were successfully separated (Figure 5) [155].  
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Figure 5. Electropherograms of different sizes of SiO2NPs separated by the CE-ELSD 

method: SiO2NPs 20, 50, 80 and 100 nm 16 ng each size (a); and SiO2NPs 20, 50 and 100 

nm (b) 26.7 ng each size. (Reference 144) 

 

The applicability of this methodology was tested on salt samples with no matrix 

effect masking separation of nanosilica spiked onto salt. This is a promising study for 

future work devoted to analyse salt samples with broad size distributions, but further 

research should be intended for reducing detection limits, as values in the region of ng 

nL-1 are not often found in foodstuff. Furthermore, the development of new interfaces 

for CE with more powerful detection devices is advisable in order to improve the 

relevant achievements obtained in this work. The arrangement between CE and ELSD 

was first reported in a technical note published in 2013 [156]. This finding was of great 

interest, since CE had been typically used with detectors namely DAD, fluorescence or 

mass analysers, an alternative being necessary. ELSD is versatile and practically 

universal, therefore it is a potential tool for quick and sensitive detection of many sorts 

of chemicals, especially those ones not containing chromophore, fluorophore or 

electroactive groups. The main limitation might be the low volatility required for the 

analytes in relation to the buffer solution, but the range of buffer to be used is wide. 

Another report of mathematical interest exploited the features of capillary 

electrophoresis and conducted a modified analytic approximation to describe the effect 

of hydrodynamic diameter and Z-potential on the electrophoretic mobility of non-

spherical SiO2NPs [157], results being comparable to measurements obtained by TEM 

analysis. The most recent analytical method for size separation of nanosilica has been 

described by Oukacine et al. [158], minimising common limitations associated with 

analysis of pristine SiO2NPs, namely low UV-absorption, lack of sensitivity or poor signal 
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not distinguishable from the noise in the electropherograms. The development of an 

inline coupling with TDA helped achieve this goal with no need for chromophoric groups 

typically employed in signal enhancement. Functionalisation of the nanoparticles was 

carried out with carboxylic substituents and it was possible to identify 10, 30 and 50 nm. 

Dimensions obtained by CE analysis were in accordance with results provided by DLS, 

the main pitfall being the high values for the intermediate precision between runs, and 

perhaps the lack of capability of detecting aggregates at a high nanoparticle 

concentration. In spite of these limitations, future research is calling for a great deal of 

innovations such as the coupling arrangement proposed in this work, since it is well 

known that CE cannot achieve as low detection limits as expected for engineered 

nanomaterials. Furthermore, levels at which these species are found in the 

environment, agri-food and many industrial sectors, demand a significant development 

of analytical methods enabling us to quantify even at trace levels. Inline or coupling 

approaches for CE with powerful and sensitive detection tools nowadays seem to be a 

solution in order to circumvent old drawbacks. 

 

Capil lary electrophoresis of metal nanoparticles  

 

The unique case of gold nanoparticles (AuNPs) 

 

 Amongst all CE-related analytical methodologies reported on analysis of metal 

nanoparticles over the last two decades, the vast majority is devoted to an outstanding 

element: gold. With nearly 30 publications, gold nanoparticles (AuNPs) are by far the 

most described nanostructure subject to electrophoretic analysis. In the 1990s, 

preliminary studies on AuNPs separation had already been reported for sizes lower than 

15 nm [159], in a publication which began to emphasise the critical role that the ionic 

strength of the background electrolyte played in the separation via altering nanoparticle 

electrophoretic mobility. This strong dependence was demonstrated by plotting 

mobility vs particle size at different buffer concentrations, clarifying that the smaller the 

particle and the higher the ionic strength of the medium, the higher the electrophoretic 

mobility of colloidal gold, an experimental observation subsequently proven in more 
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recent articles. The relevance of this breakthrough at that time was enormous, given 

that CE was capable of characterising nanoparticles of the same material with no need 

for polymeric gel, as in classical electrophoresis approaches. Nonetheless, resolution 

and peak width were still to be extensively improved, as capillary dimensions had to be 

long enough to ensure a full transition of the target particles through the capillary walls, 

then favouring the interaction needed with the buffer to be separately and selectively 

eluted in a certain migration time. This progress was indeed accomplished in 2004, 

when Liu and Wei [160] succeeded in resolving two sizes of AuNPs (< 20 nm) in 6 min 

with extraordinary precision for electrophoretic mobilities calculation and a linear 

relationship was found between mobility and particle size. They reported the use of SDS 

in the running electrolyte for the first time, and the presence of this surfactant was 

proven to be critical, since it promoted an association onto the AuNPs surface, then 

provoking an alteration of the charge-to-size ratio in a close dependence with SDS 

concentration and AuNPs surface area. This research set an example for immediate and 

long-term future work, since it meant the demonstration of how feasible separation of 

AuNPs was by means of amending the buffer composition with a specific surfactant in a 

certain proportion. One or another size implied a different migration time because of a 

distinct interaction with the background electrolyte, and distinguishable peaks would be 

obtained for diverse-sized AuNPs. 

In fact, the same authors performed a similar study the following year with as-

synthesised AuNPs in the laboratory [161], whilst the previous research dealt with 

commercial nanoparticles. Dimension range was broader, from 5 to 40 nm, and the five 

sizes analysed were well defined by a single peak for each one, even if resolution for all 

peaks was not fully accomplished as there was no baseline separation. 

Electropherograms took less than 5 min on average and a fast screening of different 

AuNPs sizes would be achieved with a background electrolyte containing the desired 

SDS amount for causing the expected change in the electrophoretic mobility, then 

allowing to discriminate between nanoparticles. This work also showed the influence of 

temperature during the AuNPs, demonstrating that higher temperature values favoured 

the obtention of a monodisperse sample producing a narrow peak in the 

electropherogram. By contrast, lower temperatures (80ºC) led to a band broadening, 
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then suggesting that there was a significant size distribution for the final product. 

Additionally, scanning electron microscopy (SEM) was employed for size confirmation of 

the AuNPs mixture, and results gathered by CE were in agreement with size provided by 

SEM images, therefore both techniques can be alternatively used. Nevertheless, the 

objective of this article was to give a step forward for characterisation of nanometer-

sized AuNPs in routine laboratories by a simple CE methodology which may permit to 

avoid such expensive instrumentation as TEM, SEM or other imaging devices. 

Commercial standards are quite expensive, hence costs can even be minimised by 

means of in-house procedures for preparing nanoparticles. Further research was 

intended for increasing sensitivity levels, typically poor for CE analysis in combination 

with UV detection. The development of on-line approaches seemed to be the solution, 

as reversing polarity of the electrodes was proven to be effective for a quicker and 

more sensitive separation of AuNPs with different sizes [162]. Besides, results were 

comparable with TEM distributions and SDS-bearing buffer was once more a key 

parameter to ensure a baseline resolution. This analytical method was more realistic in 

the sense that nanoparticles at trace levels would be detectable, hence an interesting 

route was opened for a fast screening of AuNPs. In a similar way to preceding 

publications, an analytical strategy was pursued on characterisation of Au/Ag core/shell 

nanoparticles by CE [163], size range being larger in this case although UV spectra 

permitted to gather diverse maximum absorption values for every single size. Analyses 

carried out by CE would solely separate two sizes, but every one of the five types of 

complex nanoparticles herein described would be well differentiated owing to an 

individual peak in CE under the optimal buffer conditions, very similar to the ones 

already cited for previous works. An improvement of these observations was the 

implementation of an on-line strategy, whose efficiency was already demonstrated for 

AuNPs, when combined with Au/Ag NPs in different mixtures synthesised in the 

laboratory [164]. At that time, the potentiality of CE to separate AuNPs according to 

size had been extensively described and new analytical routes aimed at quantification 

of pristine or polydisperse AuNPs or solely detection after modification or 

functionalisation were still to be explored and opened. In 2008, a first approach on 

separating different size populations from a gold nanocluster was reached [165] with 
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the introduction of mass spectrometry (MS) to confirm findings provided by CE with 

classical UV detection. A careful synthesis was performed to produce a crude product, 

which was subject to fractionation for obtaining the nanocluster. As previously stated, 

the correct choice of the electrolyte composition was crucial for obtaining reliable 

peaks belonging to each size, in this case with the inclusion of ethanol in the aqueous 

medium. The usefulness of an organic solvent when added to the background 

electrolyte has been proven to aid separate nanoparticles, even if current intensity 

undergoes interruptions or sharp decreases during the electrophoretic analysis. This 

fact will be subsequently described in detail. Direct CE analysis of modified AuNPs began 

to be addressed in the end of the 2000s. General considerations about their stability 

were issued after functionalisation with amine or carboxylic substituents [166] and 

their implications in separation of neurotransmitters. The minimum concentration value 

inducing aggregation was also assessed across the capillary, given that interactions of 

AuNPs are strongly dependent on their mobility, and in turn on their stability. No 

separation studies were described for the two modified AuNPs mentioned in this 

research, but CE would be able to detect them at concentration levels in the region of 

nM and it permitted to achieve a good understanding on the behaviour of nanoparticles 

under an electric field. A cyclodextrin-induced functionalisation was first conducted for 

CE characterisation of ultrasmall AuNPs (< 5 nm) very close in size with a running 

electrolyte bearing tetraalkylammonium ions [167]. Peaks obtained in the 

electropherograms exhibited a narrow shape not found in the absence of the modifier 

ions, which played an important role not solely in AuNPs, but in the alteration of their 

electrophoretic mobility with no significant effect on the electroosmotic flow. 

Therefore, the influence of tetraalkylammonium was even more important than pH 

increase or inclusion of organic solvents in the running buffer, but surprisingly the use 

of these ions has not been extensively described in literature over the years. It is also 

interesting to point out that CE seemed to have no size detection limit for 

nanoparticles, no matter how small they are, whilst state-of-the-art techniques present 

difficulties in detecting nanomaterials below a size value usually located in the region of 

tens of nm. On the contrary, novel instrumentation achieves sensitivity levels and 

monitors target elements that CE cannot reach unless in combination with these 
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devices. That is the reason why coupling arrangements are needed. In the end of the 

last decade, alternative strategies had to be addressed before the advent of more 

powerful instrumentation, then combining reverse-polarity and on-line detection with 

the presence of a surfactant (SDS) in the background electrolyte was preferred for 

enhancing sensitivity of AuNPs detection [168,169], in two analytical reports involving 

sizes between 5 and 60 nm. Breakthroughs proposed were of minor importance and it 

is not worthy commenting on these results. Over the last six years, a great deal of 

analytical reports counting on CE for AuNPs separation and characterisation have been 

published, according to either size or shape. Investigations on nanogold movement 

were performed with images provided by dark-field microscopy as a detection system 

coupled with CE [170]. Real-time observations were combined with an electrophoretic 

study at low voltage values for 13-nm AuNPs coated with two different reagents, 

proving that it was feasible to monitor their different migration rate through the 

capillary. These preliminary results were encouraging for such a simple methodology, 

exploiting the good features of precise microscopy and high-resolution power of 

electrophoresis. In fact, the vast majority of research works published from that point to 

date have been orientated to synergistic combinations. In 2015, CE hyphenated to ELSD 

was successfully applied to separate small-sized gold nanoparticles, taking advantage of 

separation capability of CE and size-based detection by ELSD [171]. The importance of 

this approach is enormous, as differences between sizes were minimal (3.5-10.5 nm). 

No surfactant was included in the buffer composition, as ELSD is very sensitive towards 

a high concentration of electrolyte and tensioactive, then producing undesirable 

background noise and it was necessary to avoid micelles formation. That is the reason 

why advances accomplished by means of this CE-ELSD approach are of great relevance, 

since in most cases there is need for nanoparticles conjugation with tensioactives so as 

to produce the desired signal when conventional detection devices are used with CE. 

Gold nanoparticles were separated by size for the first time with this sort of an interface 

and this breakthrough opened a new analytical pathway intended for characterising 

further sorts of nanoparticles according to size. In spite of these promising advances 

with affordable detection tools, it is mandatory to begin a deep discussion about the 

most widely-applied device in combination with CE. The implementation of inductively-
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coupled plasma-mass spectrometry (ICP-MS) for detection purposes has literally 

revolutionised analysis of the nanoworld, owing to the fact that nanomaterials are 

present at trace levels in the environment, risks associated with exposure to them are 

not fully understood yet and CE instruments equipped with conventional detectors have 

not been sufficiently suitable for nanoparticles quantification in complex matrices. 

However, coupling arrangements between commercial CE devices and ICP-MS 

detection systems have minimised these limitations in sensitivity and they have 

undoubtedly provided a valuable solution for defining size distribution in non-

homogeneous samples. The first analytical approach on this coupling arrangement 

involved separation and speciation of AuNPs in food supplements [172]. Former 

observations of the influence of SDS on peak resolution were applied for selecting the 

most appropriate buffer composition, and the presence of this surfactant helped 

separate three sizes of AuNPs (5-50 nm), in addition to resolve a mixture containing 

both gold and silver nanoparticles. Detection limits for AuNPs were below 1 µg L-1 and 

these figures indeed meant an important breakthrough in comparison to former works, 

even though requirements for analysis of the environment or other actual samples 

were not fulfilled yet. Similar quantitative results were collected in a research paper 

wherein AuNPs were discriminated from a dietary supplement also containing platinum 

and palladium (Figure 6) [173].  
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Figure 6. Left: Electropherogram of the separation of gold nanoparticles (5, 15, 20, 

and 30 nm) with water-soluble polymer coated QDs as mobility markers to monitor 

EOF. (Separation conditions: SDBS, 70 mM; TRIS, 10 mM; pH 9.0; voltage, 30 kV. The 

rest of the analysis including establishing the calibration curve and analyzing NIST 

standard reference materials and gold nanoparticle containing dietary supplements 

were all performed under the same conditions.) Inset: Relative electrophoretic mobility 

follows a liner relationship with the size of gold nanoparticles. The measurements were 

repeated 7 times. Right: TEM images of gold nanoparticles. Scale bar = 20 nm). 

(Reference 162) 

 

Another novel aspect was the addition of quantum dots as mobility markers, 

very useful as they allowed to compensate typical fluctuations found in migration time 

between runs, although the use of this kind of chemicals for signal correction has not 

been generalised in subsequent reports. The effectiveness of ICP-MS versus alternative 

detectors was critically discussed for AuNPs analysis in 2015 [174]. The higher 

sensitivity provided by ICP-MS in relation to UV was already known, but it was 

interesting to assess the performance of a conductivity-based detector not commonly 

chosen for quantification of nanoparticles. As expected, peak areas provided by ICP-MS 

were much larger than the response given by a contactless conductivity detector. The 

use of this device had never been reported by that time, but it was demonstrated to 

quantify even more satisfactorily than conventional UV. In the end, the relevance of this 

comparative study was to confirm the capability of ICP-MS for quantification of AuNPs 
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in simulated biological matrices, therefore potentially toxic nanoparticles could be 

determined. Deeper observations in this matter were described by Matczuk et al. for 

nanogold speciation in human serum after interaction with proteins [175]. Several 

experiences were conducted at different incubation times and CE showed the ability to 

produce well-distinguished peaks for the conjugates and the nanoparticles in short-time 

analyses (less than 15 min). A neutral buffer was needed in order to separate target 

analytes in the biological matrix, so a physiological pH had to be simulated inside the 

capillary. Both free and bound AuNPs were quantified at units of µg L-1, hence a 

comprehensive study on their behaviour towards cell components might be conducted 

in the light of these results. Additional studies attempted to evaluate chemical 

equilibrium of AuNPs in conjugation with albumin by means of CE separation followed 

by ultrasensitive ICP-MS detection [176]. This approximation permitted to calculate the 

stoichiometry of the reaction, alternatively to affinity and kinetics, typically obtained by 

experimental data. Further evidence of the suitability of CE coupled with ICP-MS for 

these biological purposes was given for AuNPs interaction with albumin, transferrin and 

a mixture of them both [177]. Electropherograms enabled to monitor the 

proteinisation of AuNPs over time, although after a whole day the signal would not 

increase as much as during the first hours. It was surprising to observe the different 

behaviour exhibited by AuNPs with one protein or another, therefore suggesting that 

the interaction with each of them was selective and particle surface was functionalised 

in a different way, as spotted on the electrophoretic peaks. Additionally, the 

intervention of rod-shaped nanogold was novel, since all studies conducted on binding 

gold to human proteins had emphasised differences in size, whilst shape-dependent 

properties were still to be issued. More recent publications have addressed the 

influence of surface coating on AuNPs with several target compounds, namely lipoic 

acid or citric acid, so as to get a deeper insight on particle electrophoretic mobility by CE 

analysis followed by ICP-MS detection [178]. Four sizes were subject to study and it 

was clearly shown that small molecules attached to AuNPs did not disrupt the linear 

correlation between diameter and electrophoretic mobility, whilst bovine serum 

albumin is responsible for the formation of a protein corona on particle surface, then 

minimising the normal increase in charge-to-size ratio and mobility did not suffer 
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significant alterations. Differences in mobility indeed result in different migration times, 

thus AuNPs coated with heavy molecules cannot be discriminated by size in CE, since 

peak overlaps occur during the analysis run. Perhaps further observations on buffer 

composition and optimisation of surfactant concentration may help overcome this 

difficulty in particle separation, together with modification of pH not jeopardising 

chemical properties of compounds coating AuNPs. A longer capillary length may also be 

assessed, although a longer path covered by coated nanoparticles may only cause a 

delay in elution of the same peaks. The implications of these findings in cancer cell 

detection are still to be specified, but hypothetical scenarios have been simulated with 

conjugated AuNPs in cytosol conditions [179]. Incubation time played a crucial role on 

stability of conjugates and peak distortion was increased with size in the 

electropherograms as a consequence of disintegration, an event not observed in normal 

cytosol. Sensitivity provided by ICP-MS fell down to 1-4 µg L-1 for AuNPs suspensions 

and the next step to be given should be aimed at gold speciation in actual cancer 

cytosol, a feasible objective if CE could be combined with detectors such as MS/MS. In 

summary, the tandem composed of high-resolution CE together with sensitivity and 

selectivity of ICP-MS is an effective combination for monitoring biological reactions in 

human cells and future work should be focused on thermodynamic evaluation of the 

equilibrium constant for these nanomaterial-involving chemical events, as assayed since 

last year [180]. A deep understanding on AuNPs conjugation with binding partners is of 

enormous relevance and CE should play a collaborative role in this task. 

 Single-particle modality in ICP-MS has recently emerged as a valuable alternative 

to traditional detection modes, demonstrating an extraordinary capability for 

characterisation of nanoparticles in aqueous dispersions. Interfacing CE with spICP-MS 

is one of the most innovative arrangements able to overcome limitations associated 

with all the aforementioned strategies based on electrophoresis. The amount of 

information that can be collected in a single run is enormous, as shown in the first study 

on this combination with AuNPs [181]. Three sizes were separated by developing a CE 

method in line with previous literature, producing single peaks for 10-, 30- and 60-nm 

gold reference materials in less than 9 min. The addition of SDS and a basic pH for the 

running electrolyte were once more the key parameters to be optimised, even though a 
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full resolution would not be accomplished. Voltage, despite shortening migration time, 

might have been too high (30 kV) and caused peaks to exhibit such a distortion at first 

sight. Number concentration and size distribution would also be calculated by means of 

spICP-MS analysis, then minimising CE pitfalls when it comes to separation. However, 

perhaps injection volume in electrophoresis is so small that it prevents one from 

searching for a lower number concentration, thus this is a matter of study in future 

research on this promising CE hyphenation. 

 Several research articles published over the last five years also deserve a brief 

overview. The combination of CE and TDA, previously described for other sorts of 

nanoparticles, was also applied to characterise core/shell AuNPs in a series of studies 

intended for calculating zeta potential and size distribution, results being compared 

with asymmetric flow field-flow fractionation (AF4) in a final step [182,183]. No 

separation objectives were pursued in these two works, solely characterisation 

purposes were sought. Surface chemistry of AuNPs was deeply evaluated with diverse 

hydrophilic substituents coating nanoparticles core by CE with conventional UV 

detection, both size and shape being similar, in an alternative strategy to TEM or 

spectrophotometric characterisation [184]. A novel electrophoretic method was 

recently proposed on separation of three sizes of AuNPs with a polyelectrolyte as a 

component of the running buffer [185]. Until that moment, most CE-based 

methodologies had described the use of a surfactant (SDS) altering particle 

electrophoretic mobility, but poly(sodium 4-styrenesulfonate) (PSS) was found to be a 

choice of interest for a size-dependent resolution of AuNPs. However, the proportion of 

PSS in the buffer had to be carefully evaluated in order not to induce a misleading peak 

identification for each size. A very low PSS concentration, larger particles suffered a 

sharper decrease in mobility than the smaller ones, therefore migration order would be 

reversed, contrary to initial expectations. This fact might be due to the different 

availability of PSS molecules to be associated with larger particles under a certain ionic 

strength. From 1% PSS a linear correlation was proven between mobility and buffer 

concentration, then this value was selected. A further relevant issue was the 

investigation of voltage and its role on AuNPs separation, not commonly described. It 

was demonstrated that a higher voltage (e.g. 25 kV) considerably reduced migration 
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time and led to narrower peaks, however sensitivity was affected and separation would 

not occur. By contrast, a weaker voltage would not impede a certain resolution degree, 

but time analysis was increased as a result. The solution adopted in this work was a 

stepwise strategy combining a high voltage during the first 5 min and a low value until 

the end of the run, this way 5, 10 and 20-nm AuNPs were separated with a reliable 

resolution and no time-consuming analysis.  

 Over the last twelve months, valuable articles have given distinct viewpoints on 

AuNPs analysis by CE. Purchased standards of nominal-sized nanogold are typically 

covered and stabilised with citrate, therefore the feasibility of quantifying citrate ions 

liberated from AuNPs was presented for the first time [186]. Although no direct 

nanoparticles characterisation was addressed herein, the importance of this discovery 

may be relevant for biological implications, since it is well known that AuNPs surface is 

easily convertible when in contact with ions or proteins. It was also interesting to assess 

the behaviour of pristine AuNPs in a different background electrolyte and with different 

coatings by means of CE [187]. A phosphate buffer at a low concentration and a 

neutral pH was chosen, then ammonium ions were increasingly added and AuNPs 

electrophoretic profile was monitored under those conditions. The use of ammonium 

was ruled out as it would not help nanoparticle adsorption onto the capillary, in the 

light of peaks displayed. Instead, a propane-bearing counter-ion and a higher pH value 

were assayed with better results in terms of aggregate identification and stabilisation 

effect on AuNPs. In addition, capillary length plays a critical role in the occurrence of 

aggregates, and it was proven that a shorter capillary drives nanoparticles to an early 

elution, then a broad peak is shown owing to a poor interaction with the wall. A longer 

capillary, on the contrary, will ensure a desired peak despite prolonging the 

electropherogram. In any case, a more detailed study on the background electrolyte 

composition should be conducted so as to select the most appropriate counter-ion to 

circumvent limitations in AuNPs adsorption onto the capillary wall and to minimise or, 

at least, control the formation of aggregates during the analysis. Another novel research 

was reported on the selective shape-induced separation of AuNPs by means of 

conventional CE with diode-array detection (DAD), this being the first time gold 

nanoprisms and nanooctahedra were resolved after a customised synthesis of them 
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both [188]. This achievement opened a new analytical route to distinguish 

nanomaterials by their different morphology, whilst size had always been the main 

parameter catching one’s attention. The ease of CE separating two different structures 

is appealing for applications in numerous fields, given that the differences in physical 

features permit to use AuNPs as components of sensors, plasmonic devices or even 

therapeutic agents according to one or another shape. Future methodologies involving 

high-resolution CE analysis will shed light on a proper characterisation of AuNPs by 

virtue of dimension, structure, and perhaps new variable factors still to be investigated. 

As observed, it seems that nanogold will remain as the preferred metal structure to be 

characterised by CE in coming years.  

 

Si lver nanoparticles (AgNPs) as a growing target analyte in CE 

  

Though at a distance from gold, AgNPs has been a species frequently targeted in 

a qualitative and a quantitative way by means of electrophoretic analyses. In contrast 

with nanogold, early research conducted with AgNPs took shape into consideration for 

a discriminatory CE separation. Slight differences in UV absorption exhibited by silver 

nanocubes and nanospheres were exploited in a work developed by Liu and Ko [189], 

intended for resolving both morphologies by means of a DAD device coupled with CE. 

Separation degree was poor but the preliminary objective was fulfilled, as spectroscopic 

properties of spherical- and cubical-shaped AgNPs would be investigated in the same 

electropherogram. That morphological and dimensional dependence was lately 

demonstrated for AgNPs and a great deal of nanomaterials different from nanosilver. 

One year after, the same authors carried out a more advanced study wherein size and 

morphology would be assessed by UV-detection-assisted electrophoresis [190]. In a 

parallel way to analytical approaches dealing with AuNPs at that time, optimisation of 

buffer composition was essential in order to improve initial, insufficient resolution 

levels, SDS participating once more in providing a selective interaction with each size 

and shape. Two sizes (17 and 50 nm) were successfully separated from baseline, whilst 

nanospheres and nanorods would only be differentiated by their corresponding peaks. 

The effect of SDS was also significant to impede or minimise aggregation, usually 



Introduction 

	

	

75 

responsible for causing band broadening to arise. The vast majority of research articles 

published on electrophoretic analysis of AgNPs have been released over the last five 

years, either with traditional DAD or setting up interfaces for a more powerful 

determination. A novel analytical approach was developed on selective discrimination 

of AgNPs from AuNPs by means of a distinct surface modification with thiols [191]. 

Thiomalic and thioctic acid were separately evaluated as buffer components, and the 

former was found to produce a reduction in AgNPs migration, perhaps owing to a 

higher affinity between thiomalic acid and nanosilver, then provoking a rapid 

functionalisation and electrophoretic analysis clearly showed a peak different from 

nanogold. Chemistry behind this event suggests the formation of bonds between the 

metal ion and sulphur, this being the reason why an actual separation between AgNPs 

and AuNPs took place. Such an achievement was reported for the first time, therefore 

CE is also capable of separating nanoparticles that can be apparently similar but, in the 

presence of a binding compound, cause an interaction that can be gradually followed. 

Although alternatives to CE, namely capillary isotachophoresis, have been 

reported for size-based separation of AgNPs with success [192], the truth is that 

capillary zone electrophoresis is still on top amongst the rest of modalities for 

characterisation of AgNPs, also using a nanotool for extraction procedures. This is the 

case of recent research which has highlighted the properties of nanocellulose as a 

sorbent material for an efficient preconcentration of AgNPs of 10, 20 and 60 nm in food 

items such as mussels and orange juice [87]. This is an example of the incipient third 

way in Analytical Chemistry, where nanomaterials are both tool and aim for developing 

suitable preconcentration and quantification methodologies. In this particular case, the 

three AgNPs sizes subject to study were separated in a SDS-bearing buffer, in a similar 

way to articles previously mentioned in the section devoted to AuNPs. Precision values 

were not as adequate as expected for CE (relative standard deviation~8%), but special 

attention was payed at the extraction procedure and the applicability of the method to 

complex matrices. The same kind of a background electrolyte was employed in a more 

recent publication dealing with separation of AgNPs synthesised by means of natural 

products, that is to say, derived from a “green synthesis” [193]. Hence CE was 

demonstrated to resolve nanoparticles coming from a synthesis procedure, in this case 
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with no purification or post-treatment involved after obtention of AgNPs. Observations 

on the influence of the sonication process upon particle stability and aggregate 

formation were carried out. As expected, before sonication there is a significant size 

distribution evidenced in a number of low-intensity peaks, but AgNPs analysed 

immediately after preparation would show a distinguishable region without spikes in 

the middle. Storage during a certain time period favoured the formation of aggregates, 

likely to be minimised by sonication, which also tended to reduce migration time in the 

electropherogram. An important factor to be taken into account was the home-made 

preparation of AgNPs in this work, as a single population with various sizes close to each 

other would be obtained, therefore no analytical technique would be in a position to 

reliably resolve these slight differences in separate peaks. When standards are used, 

sonication is also required for several minutes, though identification is straightforward 

and CE separation is fully achieved. 

Special mention at this point should be made about a coupling arrangement for 

selective and sensitive determination of AgNPs. The combination of CE and ICP-MS has 

also been tested not only on nanogold, but on nanosilver with excellent results and 

positive implications in complex-matrices analysis. This sort of an association was first 

reported by Liu et al. for screening both AgNPs and dissolved Ag+ ions in consumer 

products with minimal sample handling [194]. A borate-based running electrolyte was 

employed for CE separation, and perhaps this was not complete because of the absence 

of a surfactant, whose usefulness has been thoroughly described. Despite this fact, 

three sizes of AgNPs with nominal diameters of 10, 20 and 40 nm were identified in the 

electropherograms when monitoring 107Ag intensity by ICP-MS detection. Besides, an 

accurate size distribution would be defined, techniques such as TEM supporting results, 

then a first approach on CE-ICP-MS was accomplished for AgNPs separation and 

application to actual samples. Further improvements in CE conditions were introduced 

by the addition of a non-ionic surfactant in the background electrolyte in lieu of anionic 

tensioactives (SDS), normally delaying elution of larger particles. Several sizes of AgNPs 

(10-60 nm) with different coatings were analysed in dietary supplements via CE-ICP-MS 

[195]. Peaks resolution occurred in 5 min on average for both nanoparticles and 

dissolved Ag+ ions, detection limits falling down to 0.03-0.05 µg kg-1, then trace 
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quantification might be possible in the sort of matrices subject to study. Separation by 

CE was also promoted by the presence of tiopronin in the buffer composition, together 

with the surfactant, given that it was necessary to speciate AgNPs from silver ions. 

Tiopronin was likely to form a chelate with dissolved Ag+, then a later peak for ions may 

be explained. A more recent research was aimed at speciation of AgNPs in animal 

tissues by CE hyphenated to ICP-MS [196]. The interest of this work is the careful 

selection of the buffer conditions after several experiences with six different mixtures, 

coming to the conclusion that an alkaline medium ensured the stability of silver ions 

and AgNPs. Electropherograms would not show side peaks and 8 min were enough to 

separate both species, then a protein-interaction study with nanosilver could be 

performed under optimal conditions. The usefulness of spICP-MS has also been 

evaluated for AgNPs determination when combined to CE in two parallel studies 

recently reported [197,198]. The advantages of single-particle mode in ICP-MS 

allowed for a sensitive quantification of 20, 40 and 60-nm AgNPs, since a microsecond 

time resolution ensured an accurate particle counting with no losses. The buffer was 

composed of SDS, which contains sodium, prone to be ionised and to give a response in 

ICP-MS, therefore its influence on ionisation efficiency was assessed. There was no 

significant change in AgNPs signal in the presence of sodium, hence SDS could be 

employed for CE separation. The hyphenation of CE to spICP-MS was demonstrated to 

be powerful for distinguishing both pristine and coated AgNPs (Figure 7), no matter if 

the coating agent formed a stable or a reactive species with nanosilver. In addition, 

particle information can be gathered at any time, a feature to be exploited in 

environmental research when studying nanoparticles fate.  
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Figure 7. Comparison of a standard CE-ICP-MS plot (A) and first CE-SP-ICP-MS two-

dimensional color map (B) acquired from a complex five-component mixture of 

different nanomaterials (5 μg L−1 citrate-coated 20 nm sized, 35 μg L−1 each citrate- and 

PVP-coated 40 nm sized, 100 μg L−1 PVP-coated 60 nm sized, and 200 μg L−1 

citratecoated 60 nm sized Ag NPs). The analysis was conducted by monitoring at 107Ag+ 

with 5 μs dwell time, using a 110 s injection and REPSM at 20 kV. (Reference 187) 

 

As stated for AuNPs, this synergy existing between CE and ICP-MS in single-

particle modality should be extensively studied for its implementation in laboratories. 

 

CE of magnetic NPs and other transit ion metal nanostructures  

 

As extensively described, nanogold and nanosilver have been the focus of CE-

orientated analytical methodologies. Nevertheless, over the last two decades, there are 

several studies dealing with iron-based nanoparticles and other transition metals 

commented on next. Investigations on iron oxide nanoparticles, also called magnetic 

nanoparticles (MNPs) by CE began in the 2000s and are still ongoing. The CE-LIF 
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combination, once reported for CNTs separation, was exploited for a sensitive 

determination of MNPs conjugates with model proteins [199]. The synthesis procedure 

was time consuming, as involved a whole-day incubation with the proteins, although it 

was easy to collect them with an external magnet in order to avoid losses. A borate 

buffer at pH=9.2 was selected for electrophoretic analysis and a neutral marker eluting 

with the electroosmotic flow was added. Initial CE analyses showed a clear peak for 

MNPs in less than 2 min. Then protein-association experiences with MNPs were 

conducted and peaks coelution would be observed during the electropherogram, but 

the conjugated MNPs species would be distinguished from the supernatant and 

conjugation efficiency would also be estimated. The discovery of this research is 

relevant for the use of antibodies, typically expensive, in combination with MNPs at very 

low injection volumes intervening in CE. Commercial MNPs were subject to 

electrophoretic evaluation in a detailed study addressing critical issues such as injection, 

voltage and influence of buffer components on final separation [200]. Although spikes 

were formed in some cases, after a certain settling time it was possible to obtain a well-

defined peak for 20-to-30-nm particles stable in neutral and alkaline media. 

Subsequently, CE demonstrated its potential for separating even smaller MNPs, with 

special attention to cationic species as they were not assayed before [201]. In this 

publication, apart from the parameters usually altered for evaluating their influence on 

peaks resolution, capillary coating was investigated as fused silica did not permit to 

detect signal corresponding to MNPs. Three polymeric compounds were tested and 

evidence for the suitability of them all was provided, but didodecyldimethylammonium 

bromide contributed to a stronger interaction with nanoparticles, preventing 

adsorption and producing symmetric peaks in the electropherograms for particles very 

close in size (6.8, 8.9 and 10.6 nm), analyses lasting less than 4 min. A step forward was 

given in 2009, when CE characterisation of functionalised MNPs/SiO2 core/shell 

nanoparticles was accomplished [202]. As stated before, cationic MNPs has not 

attracted attention to date, owing to difficulties in adsorption onto the capillary wall, 

therefore the development of a reliable CE method for separation purposes was 

needed. In this case, four different populations of mixed MNPs were coated with 

silylate-composed reagents and subsequently discriminated under similar capillary 
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modifications than the previous research. Two more analytical approaches have been 

reported on the same goal with applicability to immunoassays and environmental 

matters amongst other fields [203,204]. 

More recently, a novel methodology to trap MNPs inside the capillary was 

developed, this discovery being of relevance for the design of enzymatic reactors 

[205]. The immobilisation of MNPs took place at pH values from 2 to 6 at both room 

temperature and mimicked physiological temperature with a phosphate buffer. MNPs 

would be removed by simple pressure-assisted flushing of the capillary and they eluted 

in 1 min. Another important fact was the maintenance of the coolant flow responsible 

for temperature control in the CE device, a goal reached via this method. A new CE 

approach based on carboxylate-coated MNPs was aimed at evaluating stacking effect, 

then determining the lowest MNPs concentration in aqueous solution [206]. Synthesis 

procedure would not take longer than a whole day and MNPs were demonstrated to be 

detected at lower amounts, up to 100-fold difference, in a background electrolyte with 

a higher ionic strength. Injection time was also a crucial variable, 60 s were selected in 

order to produce a distinguishable peak in the electropherogram although its shape was 

broader. When sample was injected during 5 s, a proper peak to be integrated would 

not appear. This stacking phenomenon is suggested to be assessed in detail, particularly 

when CE assists interaction monitoring of NPs with proteins or other types of binding 

agents. Over the last months a CE separation study of bare MNPs from carboxylated 

ones has been described when a stabilising additive was present in the background 

electrolyte (Figure 8) [207]. Narrow and smooth peaks were produced by a type of a 

hydroxide whose usefulness has been demonstrated in the obtention of well-dispersed 

MNPs, though never tested before for a CE-based research and this was the first time 

such a report on stabilised MNPs separation was performed. 
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Figure 8. Electrophoretic mobilities obtained from CE experiments using 0.82 mM of 

benzoic acid, suspensions of 0.1% (w/v) BSPMNPs and 0.01% (w/v) carboxylated iron 

oxide nanoparticles in 10 mM Tris-nitrate + 20 mM TMAOH. The EOF marker is 

represented with an arrow and corresponding migration time. (Reference 196) 

 

A limited number of studies have been reported on determination of other 

various metal/metal oxide nanoparticles by means of CE. In 2017, an interesting work 

was described on nanotitania quantification after a selective interaction with DNA 

followed by coating with polyethylene glycol [208]. Sensitivity of this method was 

found to increase by 13 folds in comparison with a normal injection of nanotitania, even 

in the presence of silica, alumina and zinc oxide nanoparticles. The choice of buffer 

conditions was very important since a target analyte likely to be attached to nanotitania 

was sought, with no affinity for the other species present in the medium. For this 

reason a non-ionic surfactant and combinations of two types of DNA and polyethylene 

glycol were tested, then selecting single-stranded DNA with polyethylene glycol, due to 

absorption events observed with more kinds of nanoparticles in other cases. A simple 

electrolyte composed of tris(hydroxymethyl)aminomethane Tris) was employed under 

alkaline conditions, no need for a surfactant unlike in previous publications. This 

approach based on CE-DAD was a simple way to increase sensitivity and stabilise titania 
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nanoparticles, not commonly analysed by this means due to poor detection limits and a 

trend towards aggregation. Further work should address this possibility in order to 

avoid the employment of expensive devices for a reliable quantification of 

nanoparticles. In fact, a similar analytical report proposed a sensitivity-enhanced 

determination of ZnONPs in aqueous suspension via chemical interaction with cysteine 

and dithiothreitol as adsorbates [209]. This finding demonstrated that it was possible 

to decrease detection limits for ZnONPs by more than 25 folds, even if other sorts of 

nanoparticles were present in the medium. Phosphate at a slightly basic pH was 

selected for the background electrolyte as it increased the adsorption of the analytes 

onto the nanoparticles, although kinetics showed that cysteine only needed 10 min for 

reaching the equilibrium, whilst dithiothreitol seemed to delay the experiments by 2 

hours. Clear and fast electropherograms were obtained for ZnONPs in the presence of 

both analytes, proving a remarkable increase in peak area when compared to 

nanoparticles in the absence of adsorbates, almost not detectable by the UV detector 

coupled with the CE system. This was not the first time that zinc-bearing nanoparticles 

were characterised via electrophoretic approaches. In 2015, a combination of 

chromium-doped zinc gallate nanoparticles was synthesised as a promising material for 

biological applications, some of its properties being evaluated by CE [210]. Even if 

electrophoresis was not aimed at separating by size or shape in this case, parameters 

such as hydrodynamic diameter, electrophoretic mobility and zeta potential would be 

estimated after altering factors namely pH, sonication time, temperature treatment or 

ionic strength of the medium and their influence on the electrophoretic profile. 

Luminiscence released by this new material is also interesting for implications in 

imaging or cell targeting in the near future. 

 

Use of CE for characterisation and synthesis control of quantum dots 

 

In the last two decades, quantum dots (QDs) have emerged as nanomaterials of 

great interest, given that they are useful for biological imaging and detection, together 

with unique chemical and physical properties which are indeed strongly dependent on 

QDs surface [211]. Preliminary results for CE characterisation of commercial QDs via 
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both UV and LIF detection were provided by Pereira et al. in 2007 [212]. One of the 

most promising features exhibited by CE for this purpose was the ability to produce 

well-defined peaks for such small QDs, as particle size ranges between 4.5 and 5.5 nm, 

therefore no size detection limit seemed to hinder electrophoretic analysis. A neutral 

marker was present in the medium, allowing for an assessment of net negative charge 

surrounding QDs surface. The good features of the combination CE-LIF were exploited 

for a sensitive detection of QDs when they were selectively or non-selectively 

conjugated to antibodies [213]. Separation degree was appropriate in all cases with the 

exception of a cross-reaction effect between immunoglobulin G and serum albumin 

when the latter was added in the buffer electrolyte, then leading to undesired spikes. A 

borate buffer at pH=9.2 was selected for a successful resolution of carboxylated QDs 

from conjugated QDs with serum albumin, myoglobin, reducing antibodies and 

hydrazide in separate electropherograms, time analysis being 5 min on average. These 

findings led to a deep thought about the possibility to apply these selective QDs 

interactions in the medical field for diagnosis goals. In fact, observations on zeta 

potential of carboxy- and amine-terminated QDs confirmed their stability and CE is 

called for determining QDs aggregates in biological media or specific buffers [214]. 

Over the last ten years, diverse CE-based analytical approaches have been developed on 

synthesis control of CdTe QDs according to their size-dependent properties and how 

they were altered with variation of synthesis parameters. In the light of results collected 

by Clarot et al. [215], it was inferred that electrophoretic mobility underwent an 

upward trend as maximum absorption wavelength increased during the heating step of 

QDs synthesis. These differences in absorption would be easily detected by CE-DAD, and 

this method was also useful for detecting impurities derived from the crude QDs 

synthesis, as after precipitation with alcohol a single, sharp peak was shown for purified 

QDs. 

Functionalised CdTe QDs have also been subject to CE characterisation, ligand 

agents being glutathione [216], streptavidin [217], 3-mercaptopropionic and 

thioglycolic acids [218] or more recently the protein metallothionein [219]. In most 

cases, a borate buffer at a basic pH was preferred for QDs separation, and well-defined 

peaks were exhibited for QDs conjugated with their binding agent. All these studies 
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were dealing with reaction conditions and calculations of features corresponding to QDs 

and there were no analytical concerns involved, although the potential of CE was widely 

demonstrated for a customised synthesis of CdTe QDs. Electrophoretic methods have 

also been optimised for characterisation and separation of CdSe QDs after synthesis 

performed in the laboratory. An outstanding study proved the ability of CE to resolve 

four QDs very close in size (3.1, 3.6, 4.3 and 4.9 nm) from baseline according to their 

different emission wavelength in fluorescence (Figure 9) [220].  

 

 

 

Figure 9. Electropherogram for a mixture of the four different-sized QDs-TOPS/TOP 

SDS complexes at a concentration of 0.025 mg 3 mL-1 for each. (Reference 209) 

 

Growing time (1-15 min) was crucial during the synthesis procedure in order to 

yield different CdSe QDs with such small sizes and such different fluorescence spectra. 

Additionally, as expected, electrophoretic mobilities showed an upward trend with size, 

a fact evidenced on the peaks exhibited in the electropherograms. This was the first 

successful analytical approach towards CE strategies targeting CdSe QDs, irrespective of 

their coated surface. On these lines, subsequent research focused on surface-modified 

CdSe QDs succeeded in separating these nanostructures after being bound to DNA 

[221], bidentate ligands [222] and peptide structures [223,224]. The feasibility of 
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differentiating both charged and uncharged QDs in the same analysis was also proven 

via coating them with non-ionic and anionic surfactants [225]. Applied voltage was a 

crucial parameter to be intensively investigated, and an intermediate figure had to be 

selected in order not to jeopardise resolution and peak shape. In conclusion, CE-

orientated analytical methodologies for direct analysis of QDs are receiving a major 

importance in recent years owing to the excellent optical features shown by QDs and 

the ease of conjugation with binding agents, originating a stable association that can be 

monitored at any time by means of CE analyses. This breakthrough has permitted to 

discover the effectiveness of CE for characterisation of surface-coated QDs and this 

opens a bioanalytical route wherein electrophoretic methods could be applied to 

biomedical purposes based upon selective and sensitive assays driven by conjugated 

QDs with target proteins or antibodies of one’s interest. 

 

Final remarks and future perspectives 

 

After a critical analysis of nearly 100 scientific sources on this field, it is likely to 

outline that: 

1. CE is a valuable technique for direct separation and characterisation of 

nanoparticles of diverse nature, regardless of their structure and/or size. 

2. Metal/metal oxide nanoparticles, quantum dots, carbon dots and organic 

nanostructures, either after an in-house synthesis or commercially available 

standards, are prone to be detected at low concentration levels expected to 

be decreased though. 

3. Buffer composition and pH are the most critical factors when optimising a 

separation method for nanoparticles, and as a consequence resolution can 

be severely affected. Tensioactives are chemicals responsible for stablising 

nanostructures by a strong interaction with them through the capillary wall. 

4. A synthesis control of nanoparticles can be carried out via CE in order to 

obtain a desired size, shape or coating for nanoanalytes or one’s interest. 

5. CE hyphenated with other detection devices, particularly ICP-MS, has been 

proven to provide with more accurate results and it is likely to monitor ions 
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or species formed by nanoparticles even at trace levels. In some cases, 

despite using traditional UV detection, sensitivity can be increased by 

selective interaction with other analytes. 

6. A size detection limit does not seem to exist for ultrasmall-sized 

nanoparticles, and it is feasible to discriminate them in the region of units of 

nm even if they are very close in size. 

Future actions to be performed in CE analysis of nanomaterials comprise a 

reliable demonstration of its applicability to complex media (biological, environmental, 

agri-food...), development of new electrophoretic approaches for separation of other 

metal, metalloid or non-metallic nanoparticles, as the range of elements targeted is not 

wide, and implementation of novel CE coupling arrangements with ICP-MS or more 

powerful detection devices, namely MS/MS, able to lower detection limits for 

quantification of nanoparticles. These suggestions are further steps to be given in the 

short term in order to optimise CE-based analytical methods with implications in society 

concerns, given that nanomaterials are increasingly being used in a great deal of 

commercial products and fast, reliable and sensitive approaches are required for an 

accurate risk assessment of them. 
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I .1.  Reagents and solutions 

 

All chemicals employed for preparation of stock solutions to develop the 

experimental work of this thesis are enumerated on Table I.1. Solvents employed for 

preparing all solutions were: 

 

! Deionised water (Milli-Q purification system). 

! Acetonitrile, analytical-grade solvent. 

! Formic acid, analytical-grade solvent. 

! Hydrochloric acid, analytical-grade solvent. 

! Isopropyl alcohol, analytical-grade solvent. 

! Methanol, analytical-grade solvent. 

 

All working solutions derived from stock solutions were prepared in the 

appropriate solvent and they all were stored either at 4ºC or at -18ºC for aqueous and 

organic solutions, respectively. 
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Table I .1. Chemicals employed during experimental work. 

Chemical  Purity  (%) Aggregation state Provider 

β-cyclodextrin ≥98 Solid Sigma Aldrich 

1-buthyl-3-methylimidazolium 

hexafluorophosphate 

≥97.0 Liquid Sigma Aldrich 

2,2-azobisisobutyronitrile ≥98 Solid Sigma Aldrich 

(2-Hydroxypropyl)-β-cyclodextrin - Solid Sigma Aldrich 

3-butenoic acid 97 Liquid Sigma Aldrich 

3-(cyclohexylamino)-1-propanesulfonic 

acid 

n/a Solid Sigma Aldrich 

(±)-Propranolol hydrochloride ≥98.5 Solid Sigma Aldrich 

Acetamiprid n/a Solid Sigma Aldrich 

Ammonium acetate ≥98 Solid Sigma Aldrich 

Benzyldimethyl 

hexadecylammonium chloride 

≥97 Solid Sigma Aldrich 

Cellulose microcrystalline n/a Solid Sigma Aldrich 

Cetyltrimethylammonium 

chloride 

≥98 Solid Sigma Aldrich 

Clothianidin n/a Solid Sigma Aldrich 

Cobalt(II) chloride ≥98.0 Solid Sigma Aldrich 

Dinotefuran n/a Solid Sigma Aldrich 

Divinylbenzene 80 Liquid Sigma Aldrich 

Ethylene glycol pure 99 Liquid Panreac 

Gold(III) chloride trihydrate ≥99.9 Solid Sigma Aldrich 

Imidacloprid n/a Solid Sigma Aldrich 

Iron (III) chloride hexahydrate 98.0-102 Solid Sigma Aldrich 

Iron(II) sulphate heptahydrate ≥99.0 Solid Sigma Aldrich 

L-Cysteine ≥98.5 Solid Sigma Aldrich 

Potassium nitrate ≥99.0 Solid Sigma Aldrich 

(R)-propranolol hydrochloride ≥99.0 Solid Sigma Aldrich 

Rhodium standard (ICP-MS) n/a Liquid Sigma Aldrich 

(S)-propranolol hydrochloride ≥99.0 Solid Sigma Aldrich 
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Chemical  Purity  (%) Aggregation 

state 

Provider 

Silica nanoparticles NanoXact™ (20 nm) n/a Liquid NanoComposix 

Silica nanoparticles NanoXact™ (50 nm) n/a Liquid NanoComposix 

Silica nanoparticles NanoXact™ (80 nm) n/a Liquid NanoComposix 

Silica nanoparticles NanoXact™ (100 

nm) 

n/a Liquid NanoComposix 

Silicon standard (ICP) n/a Liquid Sigma Aldrich 

Sodium acetate ≥99.0 Solid Sigma Aldrich 

Sodium carbonate ≥99.0 Solid Sigma Aldrich 

Sodium dodecyl 

sulfate 

99 Solid Sigma Aldrich 

Sodium hydroxide ≥98 Solid Sigma Aldrich 

Sodium phosphate dibasic ≥99 Solid Sigma Aldrich 

Sodium tetraborate anhydrous ≥98.0 Solid Sigma Aldrich 

Styrene ≥99 Liquid Sigma Aldrich 

Thiacloprid n/a Solid Sigma Aldrich 

Thiamethoxam n/a Solid Sigma Aldrich 

Titanium nanoparticles (5 nm APS) n/a Solid Nanostructured 

& Amorphous 

Materials, Inc. 

Titanium nanoparticles (60 nm APS) 99.8 Solid Nanostructured 

& Amorphous 

Materials, Inc. 

Tris-(hydroxylmethyl) aminomethane ≥99.9 Solid Sigma Aldrich 
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I .2.  Laboratory devices and equipment 

 

 All apparatus used for the development of the experimental work concerning 

this thesis are listed below: 

 

I .2.1. UV-vis spectrophotometer 

 

 For defining the wavelength values at which the analytes exhibited their 

maximum absorption, a Secomam spectrophotometer (Uvi Light & Uvikon XS, Ref 

0M8307) was used (Figure I.1). All spectra were gathered by means of LabPower v3.50 

software. Wavelength scan ranged from 190 to 900 nm. 

 

 

 

Figure I .1.  UV-vis Uvi Light & Uvikon XS spectrophotometer.   

 

I .2.2. Capil lary electrophoresis (CE) 

 

All electrophoretic analyses for this thesis were carried out with an Agilent 

Model G1600AX (Palo Alto, CA, USA) CE instrument equipped with a diode array 

detector (Figure I.2). The CE-DAD device was controlled using Rev.B.04.01e481 3D-
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CE/MSD ChemStation software, both in Online and Offline modalities (Agilent 

Technologies). 

 

Figure I .2. Agilent G1600AX Capillary Electrophoresis device used for several articles 

belonging to this thesis.  

 

I .2.3. Evaporative l ight scattering detector (ELSD) 

 

An evaporative light-scattering detector (Figure I.3) equipped with a new 

interface developed by this research group, as shown on Figure I.4, and an additional 

pressure regulator (0-2500 mbar) (Ingeniería Analítica, Spain) to connect with the CE 

instrument was used. The CE-ELSD arrangement was controlled using Rev.B.04.01e481 

3D-CE/MSD ChemStation software, both in Online and Offline modalities (Agilent 

Technologies). 
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Figure I .3. Agilent 1200 Series Evaporative light-scattering detector used in this thesis.  

 

 

Figure I .4. Scheme of the interface for coupling the CE equipment with the ELSD 

detector and scheme of the different connections.  
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I .2.4. High-performance l iquid chromatography (HPLC) 

 

A LC pump (Agilent series 1200, Waldbronn, Germany) was employed for the 

chromatographic system (Figure I.5). For the chromatographic separation of the 

analytes a C18 reverse phase Agilent TC-C18(2) (250 × 4.6 mm, 5 μm) from Agilent 

(Waldbronn, Germany) was used, including an injection valve with an inner loop of 40 

μL for direct injection of the analytes into the chromatographic column. Detection was 

performed with a UV–Vis diode array detector (Agilent, 1200 series) equipped with a 2 

μL flow. 

 

 

Figure I .5. Detail of the LC pump (Agilent series 1200, Waldbronn, Germany) 

employed in this thesis. 

 

I .2.5. Mass spectrometry (MS) 

 

A single quadrupole MS detector shown on Figure I.6 (Agilent, 6140 series), 

equipped with an atmospheric pressure ionization source electrospray (API-ES) was 

used. 
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Figure I .6. MS detector (Agilent, 6140 series). 

 
I.2.6. Transmission electron microscopy (TEM) 

 

A JOEL 2011 transmission electron microscope operating at 200 kV and 

equipped with an Orius Digital Camera (2 x 2 MPi) from Gatan was employed for silica 

and gold nanoparticles characterisation. 

 

I .2.7. Inductively-coupled plasma-mass spectrometry ( ICP-MS) 

 

The Si content in silica standards was determined on an ICP-MS Thermo Fischer 

Scientific X Series II system (Thermo Fisher, Bremen, Germany). 
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Figure I .7. ICP-MS Thermo Fischer Scientific X Series II. 
 

The Ti content in food samples and food supplements was determined on an 

ICP-MS Agilent 8800 ICP Triple Quad (ICP-QQQ). 

 

Figure I .8. Agilent 8800 ICP Triple Quad (ICP-QQQ). 
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Screening of titania nanoparticles by single-particle ICP-MS in food samples and 

food supplements was performed on an Axial Field Technology ICP-MS Perkin Elmer 

NexION 350D. 

 

Figure I .9. ICP-MS Perkin Elmer NexION 350D. 

 

The Ti content in personal care products and determination of titanium dioxide 

nanoparticles in single-particle mode was accomplished on an ICP-MS Agilent 7900 ICP 

Single Quad. 

 

Figure I .10. Agilent 7900 ICP-MS. 
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I .2.8. Dynamic l ight scattering (DLS) 

 

For size and zeta-potential measurements a Malvern Zetasizer Nano ZS device 

was used. 

 

Figure I .11. Zetasizer Nano ZS device. 

 

Further apparatus and laboratory tools are listed below: 

 

" 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 scale Gram Precision (Mettler, model AE240). 

" Hotplate Selecta (Barcelona, Spain). 

" Microwave Solvent Extraction Labstation. 

" Microwave digestion system UltraWAVE (I R Technology). 
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I .3.  Methods and procedures 

 

I .3.1. Synthesis of vinyl-terminated gold nanoparticles (AuNPs) 

Vinyl-terminated AuNPs were synthetised with modifications in temperature 

and pH in the synthesis conditions in order to achieve better control in proportion of 

AuNTPs and AuNOs obtained in the final synthesis. In a typical synthesis, 50 mL of a 

mixture of 0.5 mM HAuCl4 and 5 mM BDAC was introduced into a round bottom flask 

under mild magnetic stirring. After that, the solution was heated until the desired 

temperature. Then, 100 µL of 3BA were added into the mixture and the 0.1 M sodium 

hydroxide was added to adjust the desired pH. After a suitable time to reduce all the 

HAuCl4 to Au0 the solution was allowed to cool down to room temperature. Finally, in 

order to remove the excess of 3BA and BDAC, the colloidal dispersion containing the 

AuNPs mixture was centrifuged at 8500 rpm during 30 min in every case. The 

supernatant was removed and the pellet was dispersed in 50 mL of 4 mM BDAC. 

 

I .3.2.  Synthesis of magnetic nanocellulose (MNC) 

The following procedure was followed several times to obtain the desired 

amount of MNC. Typically, 20 mg of microcrystalline cellulose were dispersed in 200 mL 

of a freshly prepared aqueous solution of FeSO4 and CoCl2 in such a way that the molar 

ratio between them both was [Fe]/[Co] = 2. The dispersion was heated at 90 ºC for 3 h 

to promote further transformation of soluble initial iron/cobalt hydroxides to insoluble 

iron/cobalt oxyhydroxide complexes. The nanocellulose (NC) network was then 

transferred to 200 mL of an aqueous solution containing 1.32 mol L-1 NaOH and KNO3 

([Fe2+]/[NO3−] = 0.44) at 90 ºC for further 8 h. The particle functionalised networks were 

freeze-dried to generate the ferromagnetic aerogel nanocomposites. With the aid of an 

external magnet, all supernatant water was removed and the resultant solid was dried 

in the oven at 80 ºC overnight. 
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I .3.3. Ionic l iquid-based ultrasound-assisted dual magnetic nanocellulose 

microextraction  procedure 

This methodology consisted of the mixture of the milk sample (25 g) containing 

the neonicotinoids at different concentrations, ranging from 20 to 200 µg L-1 each 

diluted to 50 mL with water with 1.0 g of Na2CO3 (prepared in an Erlenmeyer flask). 

Then, 300 μL of C4MIMPF6 were added to the initial mixture. The mixed solution was 

sonicated at 35 kHz and 360 W for 5 min to accelerate the formation of fine dispersive 

mixture. After that 50 mg of MNCs were added into the flask. This material was not 

reused and the same amount was weighed to be added together with the sample 

before every single extraction. The mixture was again sonicated for 5 min under the 

aforementioned conditions. The magnetic sorbent was collected at the bottom of the 

Erlenmeyer flask with the help of an external magnet, and the aqueous phase was 

decanted carefully. An amount of 500 μL of acetonitrile was added to desorb the ionic 

liquid and neonicotinoids from MNCs by 60 s sonication. Finally, 500 μL of water was 

added to decrease viscosity, the MNCs were separated from sample solution with 

magnet, and 20 μL of sample was injected into the chromatographic system. 

 

I .3.4.  Preparation of magnetic multi-walled carbon nanotubes 

(MMWCNT) 

MMWCNT was prepared by in situ decomposition at high temperature of 

[iron(III)] as a magnetic precursor and MWCNTs. This synthesis consists of the mixture 

of 140 mg of FeCl3.6H2O and 40 mg of MWCNTs, then suspended in 7.5 mL of ethylene 

glycol placed in a small vial. 0.36 g of sodium acetate was then mixed in and the solution 

was stirred, sonicated for 10 minutes and then allowed to stand at room temperature 

for 1 hour. Subsequently, it was necessary to heat the vial at 200°C for 48 h to end up 

the reaction. It was cooled down at room temperature and the material obtained was 

washed with 10 mL of distilled water for 5 times. The MMWCNTs were eventually 

separated with the use of a magnet, and nanoparticles collected were dried at 80°C and 

stored. This procedure had to be optimised to obtain reduced nanoparticles as much as 

possible to increase their surface area and, therefore, the retention of the analytes onto 

the composite. 
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I .3.5. Preparation of poly(styrene-co-divinylbenzene) (poly(STY-DVB) and 

poly(styrene-co-divinylbenzene)-coated magnetic multi-walled carbon 

nanotube composite (poly(STY-DVB)-MMWCNT) 

 

Three non-magnetic (P1, P2, P3) and three magnetic polymers (MP1, MP2, MP3) 

were synthesised by preparation of diverse polymerisation mixtures containing 

divinylbenzene (DVB), styrene (STY), magnetic multi-walled carbon nanotubes, 

acetonitrile and AIBN at 70°C for 24 h. The mixture was sonicated for 5 min, purged 

with N2 for 10 min and then closed. The resulting product was then collected, washed 

several times with water together with mechanical agitation and dried in a vacuum 

desiccator for 24 h. Finally, 500 mg of non-magnetic polymers were packed in the 

cartridge, whereas magnetic polymers were used with no packaging before extraction. 

 

I .3.6. Magnetic sol id phase extraction of propranolol  enantiomers with 

poly(STY-DVB)-MMWCNT composite 

 

 500 mg of the MP1 was placed into a conical flask, conditioned with (2x1) mL of 

methanol and then with deionised water. The supernatant was then separated with a 

magnet, discarded, and 50 mL of standard solutions of the analytes or spiked urine 

samples were added into the conical flask. The mixture was stirred for 5 min at room 

temperature to favour a homogenous dispersion and the magnetic polymer containing 

the adsorbed propranolol enantiomers was quickly removed from this solution by 

applying a strong magnetic field so that the supernatant was discarded. The magnetic 

polymer was then washed with 5 mL of deionised water, and the propranolol 

enantiomers were eluted by rinsing with 2.0 mL of methanol, and the eluent dried 

under nitrogen stream at room temperature. This residue was finally reconstituted in 

0.5 mL of HCl 0.1 M and the resulting extract was injected into the CE system. 



	

	

	

127 

 

 

 

 

Chapter I I :  Capil lary 

electrophoresis as a 

separation technique for 

nanomaterials by size/shape 

 

 

 



	

	

	

128 



	

	

	

129 

his chapter is entirely devoted to Capillary Electrophoresis, a separation technique 

which has been demonstrated to be a valuable alternative to state-of-the-art 

instrumentation for direct analysis of nanoparticles. The interesting finding shown 

in this section is the capability of Capillary Electrophoresis for metal and metal 

oxide nanoparticles separation according to their size and even morphology, the latter case 

being the first time for such an achievement. 

Silica nanoparticles were separated by size taking full advantage of an interface 

previously developed by this research group and consisting of an electrophoretic device 

coupled with an evaporative light-scattering detector. The use of this sort of a device led to a 

sensitivity and selectivity increase in comparison with diode-array detection, and it is indeed a 

path of interest from an analytical point of view in the short term. This coupling arrangement 

was already proven with success for small-sized gold nanoparticles and this time three sizes of 

silica nanoparticles (20, 50 and 100 nm) were clearly distinguishable by their peaks in 

electrophoretic analysis. The applicability of this method to salt samples was also tested with 

decent results. A further facet of relevance is the electrophoresis ability to detect nanoparticles 

below the size detection limit defined for atomic techniques. This parameter is considered to be 

critical, as nanoparticles smaller than this limit are acquired as background noise when it comes 

to inductively-coupled plasma-mass spectrometry. Thus a combination between electrophoresis 

and atomic absorption techniques may be the key for circumventing sensitivity handicaps 

associated with separation approaches, as well as size detection limitations exhibited by 

elemental screening. 

Furthermore, a simple electrophoresis-based approach was developed for separation of 

gold nanoprisms and nanooctahedra with conventional ultraviolet detection. The novel aspect 

of this work was to prove that capillary electrophoresis is a suitable technique to differentiate 

between gold nanoparticles after a selective synthesis of them, all when they are presented in 

different structures. This objective is very important because applicability of gold nanoparticles 

may vary depending on their morphology. 

In both cases, the influence of the buffer electrolyte was investigated, since both pH 

and composition are the most important variables to be assessed in any kind of an 

electrophoresis-based method. Differences in interaction between nanoparticles and the 

running buffer were exploited for an optimisation of these parameters, and an appropriate 

separation degree was accomplished for the nanoparticles of interest. This achievement is of 

great significance, as these approaches may be applied to actual samples bearing nanoparticles 

in a wide size distribution. 

T 
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I I .1.   Analysis of s i l ica nanoparticles by 

capil lary electrophoresis coupled to 

an evaporative l ight scattering 

detector.  
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ABSTRACT 

A simple and rapid methodology has been developed to identify and separate silica 

nanoparticles (SiO2NPs) of different sizes in aqueous solution by capillary zone 

electrophoresis coupled to an evaporative light scattering detector (CE-ELSD). SiO2NPs 

were separated using 3 mM ammonium acetate buffer, containing 1% methanol at pH 

6.9. SiO2NPs of 20, 50 and 100 nm were successfully separated under the optimum 

experimental conditions. CE coupled to ELSD has been proven to be an effective 

separation technique to determine particles with such small sizes, although the peaks 

are very close to each other, and it is a promising technique that may allow the 

separation of other types of nanoparticles. Confirmation by TEM and quantification of 

the SiO2 content was also carried out by inductively coupled plasma-mass spectrometry 

(ICP-MS). The new method was applied to the analysis of real samples, in order to 

assess its ability to avoid matrix effects in the determination of SiO2NPs in these kinds of 

samples.  

 

KEYWORDS: Capillary electrophoresis, Evaporative light scattering detector, Coupling 

arrangement, Size separation, Silica nanoparticles, Salt samples. 
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I I .1.1.  INTRODUCTION 

 

In recent years, nanoscience and nanotechnology have become increasingly 

studied area due to the potential benefits that these areas have brought to various 

research topics and their application in numerous fields, such as sensors miniaturisation 

[1], chip fabrication [2], agriculture production [3], analytical assays [4] and the food 

industry [5,6]. However nanomaterials (NMs) may have a negative effect on the 

environment, and there are safety and toxicological concerns associated with these 

materials are of relevance. NMs encompass any type of material that meets the 

following two requirements according to The Royal Society of Chemistry [7]: larger 

surface area in relation to the same mass of material produced in a larger form, and 

quantum effects that dominate the behaviour of matter at the nanoscale. Nanoparticles 

(NPs) are three-dimensional nanomaterials with a size of less than 100 nm in at least 

one dimension [3]. It is at this scale that the physical, chemical, and biological 

properties of materials differ with respect to those at a larger scale [8]. NPs have had a 

significant impact in agriculture, particularly in relation to nanopesticides [9].  

Silica nanoparticles (SiO2NPs) are classified on the list of authorised food 

additives with the code E551 and, according to European legislation, maximum levels 

are dependent on the type of matrix in which they are contained [10]. Synthetic 

amorphous silica has been employed for many years in beer and wine clearance and it 

has also been used as an anti-caking agent to retain flow properties of powders and to 

thicken pastes. Silica has always been regarded as safe and it is approved for use as a 

food or animal feed ingredient [11]. Yamashita et al. [12] conducted several studies on 

the risks associated with SiO2NPs. They found that SiO2NPs with a diameter of less than 

100 nm are likely to cause complications in pregnancy or consumptive coagulopathy in 

mice after systemic exposure. It was also proven that surface-modified SiO2NPs were 

unlikely to induce undesired inflammatory responses in vitro and in vivo, thus 

suggesting that it might be possible to decrease adverse biological effects of 

nanomaterials and to enhance their safety by modifying their surface properties.  

Capillary Electrophoresis (CE) is considered to be a useful technique for the 

evaluation and analysis of NPs. Numerous studies have shown that CE can be effectively 
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used to determine sizes of NPs such as quantum dots [13], AuNPs [14] and various NPs 

from metal oxides such as hematite (Fe2O3NPs) [15,16] and silica (SiO2NPs) [17]. CE 

combined with diode-array detection can be used for visual and size analysis of NPs. 

However, in some cases this methodology lacks a low LOD. In order to make the most of 

its advantages for the detection of NPs a combined CE-ELSD approach has recently been 

developed. Zhou et al. [18] developed a micro-fluidic ELSD (mELSD) method coupled 

with pressurized capillary liquid chromatography (pCEC) for the analysis of active 

components in traditional Chinese medicine extracts. Another approach, developed by 

our research group, consisted of a customised combination of CE and ELSD [19] and this 

method was applied to size separation and detection of AuNPs [20]. Recently, Barahona 

et al. [21] reported an asymmetric flow field-flow fractionation (AF4) coupled to multi-

angle light scattering (MALS) inductively coupled plasma mass spectrometry (ICP-MS) 

for the simultaneous size determination and quantification of silica nanoparticles 

(SiO2NPs). However, this methodology was time-consuming and very expensive owing 

to the high cost of the instrumentation. These shortcomings can be circumvented by 

developing a simple, accessible, economical and reliable technique for the separation 

and detection of SiO2NPs. A simple method based on the use of CE-ELSD is proposed as 

an alternative and a powerful tool for the separation, characterisation and 

quantification of SiO2NPs. To the best of our knowledge, this is the first example in 

which this combination has been reported to achieve the objectives outlined above. CE-

ELSD analysis of NPs, as proposed in this article, offers significant advantages, related to 

the use of low cost instrumentation, low sample volumes, low waste volumes, and good 

analytical performance. This method was validated for its application to the analysis of 

salt samples, in which it was possible to separate SiO2NPs of 20, 50 and 100 nm.  

 

I I .1.2.  EXPERIMENTAL 

 

I I .1.2.1. Materials and reagents 

 

Non-functionalised NanoXactTM silica nanoparticles of different sizes (20, 50, 

80, 100 nm) were purchased from NanoComposix (USA), all as aqueous solution. 
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Sodium hydroxide pellets (SigmaUltra, minimum 98%), silicon standard for ICP, and 

rhodium ICP-MS standard were obtained from Sigma Aldrich (USA). Ammonium acetate 

(Bioxtra, ≤98%) was obtained from Sigma Aldrich (The Netherlands). All liquid reagents 

employed for analyses were of analytical grade: methanol, isopropyl alcohol, 

hydrochloric acid and acetonitrile. Deionised water was obtained from a Milli-Q 

purification system (Millipore, Bedford, MA, USA). 

 

I I .1.2.2. Instrumentation 

 

Electrophoretic analyses were carried out on an Agilent Model G1600AX (Palo 

Alto, CA, USA) CE instrument equipped with a diode array detector. An uncoated fused 

silica capillary (100 cm long and 50 mm id) (Beckman, Fullerton, CA) was used. The 

make-up flow of sheath liquid was delivered by an Agilent 1100 isocratic pump, which 

was operated at a 1:100 split ratio. An evaporative light-scattering detector equipped 

with a new interface, as described below, and an additional pressure regulator (0-2500 

mbar) (Ingeniería Analítica, Spain) to connect with the CE instrument was used. The CE-

ELSD instrument was controlled using Rev.B.04.01e481 3D-CE/MSD ChemStation 

software (Agilent Technologies). The experimental variables are listed in Table II.1.1. 

 

Table I I .1.1. Optimised operating conditions for size separation, determination and 

quantitation of SiO2NPs by CE-ELSD.  
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The diameters and size statistics were obtained using a JOEL 2011 transmission 

electron microscope operating at 200 kV and equipped with an Orius Digital Camera 

(2x2 MPi) from Gatan. Nanoparticles were prepared by dispersing the samples in 

acetone and depositing a drop onto a holey-carbon Cu grid (Agar). The Si content was 

determined on an ICP-MS Thermo Fischer Scientific X SeriesII system (Thermo Fisher, 

Bremen, Germany). Spectroscopic properties and the hydrodynamic diameter/Zeta 

potential were obtained on a Secoman spectrometer and Malvern Zetasizer Nano ZS 

respectively. 

 

I I .1.2.3. Preparation of SiO2NPs samples prior to determination by ICP-

MS and CE-ELSD 

 

According to the results obtained by Pestel et al. [22] and confirmed by 

Barahona et al. [21], the direct quantification of SiO2NPs is possible and reliable in the 

size range considered in this work. These authors pointed out that atomisation was 

complete with monodisperse SiO2 colloids with particle diameters of less than 500 nm. 

For quantification, the ICP-MS device was used in standard mode, and data for 29Si and 
103Rh were acquired with a standard torch (injection diameter 1.6 mm), nickel cones, 

Scott nebulisation chamber (refrigeration at 2 ºC), acquisition time of 10 ms and values 

for plasma gas, make-up and nebuliser flow of 16, 0.73 and 0.9 L min-1, respectively.  

A calibration curve was used in order to quantify the Si content and this curve 

was developed using silicon standards for ICP and Rhodium ICP-MS as an internal 

standard [21]. The range of the calibration curve for the quantitation of samples was 

between 1 and 120 mg L-1 of Si and samples were prepared in deionised water. The 

reported values are the average of three measurements (see Table II.1.2). Samples 

were sonicated for 10 min prior to CE-ELSD determination.  
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Table I I .1.2. Quantification of SiO2NPs by ICP-MS, including standard deviation and 

coefficient of variation values.  

 

 

I I .1.2.4. Description of CE-ELSD interface and experimental conditions 

 

The CE-ELSD interface has been described in a previous article by our research 

group [19], in the first experiment in which commercially available CE and ELSD systems 

were combined. ELSD by itself is not a selective detector, and for this reason our group 

developed a CE-ELSD interface, in order to achieve appropriate selectivity to separate 

nanoparticles of different natures. The interface is based on a triple-tube sprayer, which 

closes the electrical circuit for the electrophoretic separation, and accommodates the 

flow requirements for the efficient formation of the spray, amongst other advantages. 

The parameters that affect the separation and detection of SiO2NPs were studied and 

optimised. Separations were carried out on fused-silica capillaries with 50 mm i.d. x 100 

cm total length. Prior to use, the capillary was preconditioned every day by washing 

with 0.1 M NaOH for 5 min, followed by deionised water for 5 min and fresh running 

electrolyte for 30 min. The capillary was reconditioned prior to each sample injection by 

rinsing with background electrolyte for 5 min with a high flush pressure of 2 bar. 

Aqueous buffer solution used for the separation of SiO2NPs was a mixture of 3 mM 

NH4Ac with 1% methanol at pH 6.9. SiO2NPs were introduced into the capillary by 

positive pressure at 50 mbar for 10 s (approximately 8 nL according to the Poiseuille 

equation [23]). The applied voltage was set at 27 kV and the capillary temperature was 

kept constant at 20 ºC. The coaxial sheath liquid consisted of an aqueous mixture of 

50% 2.5 mM NH4Ac in methanol (v/v) at a flow rate of 0.4 mL min-1. The sheath liquid 

flowing into the ELSD system was delivered through a splitter set at a 1:100 ratio, thus 

resulting in a flow rate of 4 mL min-1 into the sprayer. At the CE-ELSD interface, the 

outlet or exit tip of the capillary was inserted into the interface or sprayer triple tube 

assembly in such a way that it protruded by approximately 1 mm outside the sprayer. A 
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10 mm portion of the polyimide coating of the outlet end of the capillary was removed 

by heating to ensure a stable spray. Nitrogen was used as the nebulisation gas and this 

was controlled by an additional pressure regulator. The ELSD photo-multiplier was set 

at gain 12 with a nebulising pressure of 700 mbar and an evaporator tube temperature 

of 80 ºC. The length and the diameter of the nebuliser chamber were 10 cm and 2.5 cm 

respectively, as reported in Table II.1.1.  

 

 I I .1.3.  RESULTS AND DISCUSSION 

 

The SiO2NPs were characterised by spectrophotometry, TEM and DLS and 

quantified by ICP-MS in order to confirm the concentration provided by the supplier. 

The electrophoretic method was optimised to obtain good resolution in the separation 

of SiO2NPs, and to obtain good results in the corresponding quantification. The 

theoretical background for the size-selective electrophoretic separation of 

nanoparticles, as reported by Pyell, was taken into account [24]. This information is very 

valuable to achieve a better understanding of the principles of the separation.  

In general, the colloid concentration is assumed to be small and, hence, the 

interaction between nanoparticles is essentially negligible from a theoretical point of 

view. If a rigid, charged sphere is placed in an electrolyte solution (which is considered 

to contain point-like cations and anions), a so-called ion cloud will be built up, and this 

surrounds the particle and exactly compensates its charge. According to Overbeek [25] 

and Booth [26], the following forces have to be taken into consideration for the theory 

of the electrophoresis of charged spherical nanoparticles: (i) the electrostatic force 

exerted on the charged particle by the external field; (ii) Stokes friction due to the 

viscosity of the surrounding medium; (iii) electrophoretic retardation due to the 

electrostatic force exerted on the countercharged ion cloud by the external field 

(movement of the liquid surrounding the particle in the opposite to the particle); and 

(iv) the relaxation effect due to distortion of the ion cloud. In the presence of an 

external field, the ion cloud surrounding the particle is not symmetrical (as it is in the 

absence of the electric field) due to the movement of the particle relative to the ions in 

the ion cloud. A finite time (5 min relaxation time) is required to restore the original 
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symmetry. This distorted ion cloud results in a retardation force on the migrating 

particle. It is evident that the relaxation time (and consequently the relaxation effect) 

will depend on the mobility of the ions in the ion cloud. Therefore, in the case of a 

significant relaxation effect, the mobilities of the electrolyte ions have a measurable 

impact on the electrophoretic mobility of a nanoparticle.  

 

I I .1.3.1. Characterisation and quantif ication of SiO2NPs by ICP-MS  

 

Transmission electron microscopy (TEM) measurements were performed on the 

SiO2NPs, and at least 500 particles were randomly selected to characterise the size 

distribution. The objective of these measurements was to confirm the parameters 

reported in the technical data sheet provided by the supplier, as these were not 

certified reference materials. The TEM images obtained for the SiO2NPs are shown in 

Fig. II.2.1. It can be seen that the SiO2NPs are of good quality of SiO2NPs, with average 

sizes of 22.6 ± 2.9, 47.7 ± 3.7, 82.6 ± 4.7 and 97.0 ± 4.8 nm. The particle concentration 

was 6.1x1014, 8.3x1013, 3.3x1014 and 9.8x1012 particles mL-1 for 20, 50, 80 and 100 nm, 

respectively.  
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Figure I I .1.1. TEM images of SiO2NPs 20 nm (top left), 50 nm (top right), 80 nm 

(bottom left) and 100 nm (bottom right). 

 

The hydrodynamic diameters of SiO2NPs dispersed in Milli-Q water at 10 mg mL-

1 at pH values of 9.1, 8.3, 7.5, and 8.9 for nominal sizes of 20, 50, 80 and 100 nm, 

respectively, were measured on a Zetasizer Nano ZS instrument. The corresponding 

values were 24.5 nm, 61.6 nm, 96 nm and 97 nm, respectively. The corresponding 

experimental zeta potential values (z) showed negative charges of -42.1 mV, -51.2 mV, -

32.7 mV, and -46.9 mV, respectively. The Smoluchowski equation was used to calculate 

the zeta potential. The zeta potential values depend on the particle size in an irregular 

way, due to the differences in pH of the SiO2NPs standards purchased. DLS analysis gave 

slightly larger mean particle sizes compared to the TEM results. It is important to note 

that DLS analysis is a solution-based method, whereas for TEM analysis dry samples are 

employed. Thus, the particle size distribution obtained by DLS (DDLS) can be attributed 

to the fact that this method measures the sizes of particles under Brownian motion 

[27]. Thus DDLS gives a mean hydrodynamic size, which is usually larger than the size 

distribution obtained by TEM (DTEM) as it includes several solvent layers.  
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I I .1.3.2. Separation and detection of SiO2NPs by CE-ELSD 

 

Phosphate and ammonia buffers were used in two studies on the CE separation 

of SiO2NPs to achieve good separation [17], [28]. The same conditions were employed 

for the CE-ELSD method, but these proved to be inappropriate for the separation of the 

silica nanoparticles used in this study, as the peaks in the electropherograms were not 

clear. In this case, the use of phosphate and ammonia to enhance the separation 

efficiency was not possible due to the generation of an important noise in the ELSD 

detector, and the resulting effect on resolution. 

The effect of different buffers on the separation of different sizes of SiO2NPs was 

studied. It is important to take into account that the solvent used for ELSD detection 

must produce as low a background signal as possible. In fact, high concentrations of 

electrolytes and tensioactives (such as SDS), cause undesirable background noise due to 

the formation of micelles with the analyte, a process that must be avoided. 

Consequently, after several attempts with different components, a mixture of 3 mM 

NH4Ac with 1% methanol at pH 6.9 was used as the running electrolyte, and the results 

showed that a better separation between two of the three different sizes of NPs was 

achieved by adding the methanol to the NH4Ac buffer. This composition was optimised 

after several attempts in a concentration range of 1-10 mM NH4Ac with a concentration 

of 3 mM chosen as the optimum value. Several experiments with different organic 

solvents were carried out in order to facilitate the evaporation of the electrolyte in the 

spray chamber of the ELSD system, and to reduce the noise in the electropherograms. 

Acetonitrile, ethanol and methanol were chosen as modifiers for the buffer composition 

and their individual influence on the buffer mixture was studied at different 

percentages (0-5%). Acetonitrile was not suitable as it caused current interruptions 

during all analyses, and ethanol did not improve peak resolution. In contrast, methanol 

led to better defined, narrow peaks and reduced the overall noise of the 

electropherograms. Once the organic solvent had been chosen, different experiments 

were carried out with different percentages of methanol (0-5%) and 1% was found to 

be the value for which separation was clearly improved. 
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The pH is one of the key parameters that had to be optimized, once the running 

electrolyte composition was fixed, as it has a significant influence on the migration time. 

The effect of pH on the electroosmotic flow of the running electrolyte and, therefore, 

on electrophoretic migration and resolution of the three different particle sizes was 

studied. pH was modified in the range 6.0-11.0 using the running electrolyte solution at 

3 mM ionic strength. SiO2NPs migrated to the cathode, with migration times increasing 

from the smaller size to the larger particles. From the pH-dependence of the apparent 

mobility of the studied SiO2NPs, a pH value of 6.9 was found to be the optimum for the 

separation. This pH produced good resolution for the separation of SiO2NPs with sizes 

of 20, 50 and 100 nm (Fig. II.1.2b), whereas the peak corresponding to the 80 nm 

SiO2NPs was not totally resolved (Fig. II.1.2a) as peak overlap was clearly observed. All 

particles of different sizes were injected individually, and migration times for each were 

recorded. Nanoparticles of 20 nm eluted the first, and those of 100 nm last. This fact 

was confirmed by spiking the mixture of nanoparticles with only one size in each 

injection. The corresponding peak height for the spiked nanoparticles in the mixture 

increased proportionally to the amount added in all cases. 

 

 

Figure I I .1.2. Electropherograms of different sizes of SiO2NPs separated by the CE-

ELSD method: SiO2NPs 20, 50, 80 and 100 nm 16 ng each size (a); and SiO2NPs 20, 50 

and 100 nm (b) 26.7 ng each size. 

 

The applied voltage for separation was another important parameter to be 

optimised. Several attempts were made to optimise the separation by applying 

different voltages in the range from 10 to 30 kV under the optimum conditions outlined 

above. Separation voltage is directly related to migration time and it also affects the 
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resolution. Based on the experiments carried out with the range of voltages studied, 27 

kV was selected as the optimum value to achieve a good compromise between 

migration time and separation efficiency. Hydrodynamic injection was chosen because 

it gave more reproducible results than electrokinetic injection [20]. The injection time 

and pressure were also optimised. Different times ranging from 5 to 200 s were tested 

and it was observed that sensitivity increased with injection time, but an injection time 

of more than 10 s resulted in failure of the separation. Consequently, an injection time 

of 10 s (approximately 8 nL according to the Poiseuille equation [23]) was selected as 

the optimum value. Moreover, the injection pressure was studied in the range 10-50 

mbar. Better sensitivities were obtained for all SiO2NPs when 50 mbar was employed as 

the injection pressure. 

Sheath liquid composition was also an essential parameter in order to guarantee 

that the CE-ELSD interface functioned appropriately. Three sorts of volatile salts (5 mM 

each), namely formic acid, ammonium formate and ammonium acetate, were dissolved 

in a solution of 50% (v/v) methanol-water and the suitability of each combination of 

sheath liquid was investigated. A higher sensitivity for the different SiO2NPs sizes was 

obtained with a 2.5 mM ammonium acetate solution. This solution was therefore 

selected as the best volatile salt to prepare the sheath liquid. The effect of the flow-rate 

of the selected mixture for the sheath liquid was investigated in the range 4-10 mL min-

1. In order to avoid dilution problems in the CE-ELSD interface, and also to improve 

sensitivity, a decreased sheath liquid flow rate was studied. Nevertheless, flow rates 

lower than 2 mL min-1 led to current instability and an increase in peak widths, which 

had a negative effect on separation. Based on these experiments, a value of 4 mL min-1 

was selected as the best sheath liquid flow rate, as this provided a good compromise 

between sensitivity and separation efficiency. The final results show that a mixture of 

2.5 mM ammonium acetate in 50% (v/v) methanol-water at a flow rate of 4 mL min-1 

was the optimal choice for the sheath liquid for SiO2NPs analysis by CE-ELSD. 

Once the electrophoretic conditions had been defined, the major instrumental 

adjustments for ELSD were the nebulising-gas flow rate (pressure) and evaporating 

temperature in order to obtain the highest efficiency for the detector response. In a 

conventional ELSD system coupled to capillary liquid chromatography, 3.5 bar is the gas 
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pressure value that can be used while retaining appropriate nebuliser operation. When 

this pressure was used with CE no peak resolution was achieved, hence it was necessary 

to optimise the nebuliser pressure. However, when this pressure was used in 

conjunction with CE peak resolution was not achieved and it was necessary to optimise 

the nebuliser pressure. The nebuliser pressure, which was tested up to 1400 mbar, was 

assessed in terms of resolution and sensitivity. A nebuliser pressure of 700 mbar was 

chosen as an acceptable compromise between sensitivity and peak resolution for the 

SiO2NPs. 

According to the theories of nebulisation and light scattering, the light-scattering 

intensity mainly depends on particle size in the drift tube passing through the detector 

and in turn this depends on the aerosol size formed in the nebulisation process [20]. 

Very high temperatures lead to a decrease in the analytes signal since small particles 

may enter the detector. Temperatures in the range 50-100 ºC were tested by 

comparing peak area values and a drift tube temperature of 80 ºC was chosen as the 

optimum value since it promoted complete evaporation with acceptable baseline noise. 

In addition, the photomultiplier gain of the ELSD was also tested in the range from 1 to 

12. The signals for all analytes increased on increasing the photomultiplier gain. The 

photomultiplier gain was therefore set at 12. The mixture of SiO2NPs standards was 

injected into the CE-ELSD system under the established optimal conditions. The 

electrophoretic mobilities in CE-ELSD were -2.13 x 10-3, -2.17 x 10-3 and -2.23 x 10-3 for 

20, 50 and 100 nm, respectively. 

 

I I .1.3.3. Analytical  performance of the CE-ELSD method and application 

to the determination of SiO2NPs in salt  samples 

 

The combined CE-ELSD method can be an excellent and low expensive way to 

determine nanoparticles, such as SiO2NPs. The peak output signal (peak area) is a 

function of the mass of the scattered particles and generally follows an exponential 

relationship, which is represented by the equation A = amb, where a and b are 

constants. In recent studies, ELSD was used for analyte quantification with a logarithmic 

linearisation using the equation log A = log a + b log m. Such a mathematical 
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transformation is allowed by ICH [29], but leads to an experimental error distortion by 

simple data flattening [30]. 

A calibration curve was subsequently obtained in triplicate by injecting into the 

CE-ELSD system mixtures of the different SiO2NPs size standards in the range 2-8 ng nL-1 

for 20 nm SiO2NPs, and 2.5-10 ng nL-1 for 50 and 100 nm SiO2NPs. The figures of merit 

for the method, namely, linear range and sensitivity (as the limit of detection for each 

individual size of NPs using the linear model described), are provided in Table II.1.3.  

 

Table I I .1.3. Calibration data and validation parameters obtained for the 

determination of SiO2NPs using the CE-ELSD method. 

 

 

The precision of the method, expressed as relative standard deviation (RSD), for 

the determination of each SiO2NPs size, was within the range 4.0-5.7% (n = 10) in all 

cases. The limit of detection (LOD), defined as the concentration of analyte that gives a 

signal equivalent to the blank signal plus three times its standard deviation, was 

calculated for each individual SiO2NPs size. In this case, the coincidence of the 

background signal with the blank signal meant that 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 range 1.08-

1.12 ng nL-1. The limit of quantification (LOQ), defined as the concentration of analyte 

that gives a signal equivalent to the blank signal plus ten times its standard deviation, 

was in the range 1.30-1.42 ng nL-1. A comparison of AF4-MS-MS, which is already used 

for the characterisation of silica nanoparticles [20,31], with the developed CE-ELSD 

method reveals some interesting facts in terms of investment, process time, sample and 

solvent consumption, and method development. CE-ELSD is by far the simplest and 

least expensive technique in terms of investments costs. In addition, it has a low sample 

and solvent consumption. Although the sensitivity is not that high with CE-ELSD in 

relation to AF4-MS-MS, the former technique has been demonstrated to be more 

advantageous in many respects. 
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Several samples in which silica is added as a food additive were studied to assess 

the separation of SiO2NPs by CE-ELSD. Samples of commercially available salt and 

sweeteners were dissolved in water at a concentration of 10 g L-1 and the same 

procedure was followed for all samples both alone and spiked with SiO2NPs of different 

sizes at 2 ng nL-1. Each mixture was sonicated and this guaranteed a homogeneous 

solution. A salt sample is observed after injection alone (a) and spiked with the three 

SiO2NPs sizes (b) is shown in Fig. II.1.3. 

 

Figure I I .1.3. Electropherograms for injections of: a 100 g L-1 salt sample dissolved in 

water (a), and a 100 g L-1 aqueous salt sample spiked with SiO2NPs of 20 nm (peak 1), of 

50 nm (peak 2) and 100 nm (peak 3), at 2 ng nL-1 each size (b). 

 

It is interesting to note that peaks due to salt appear in a different region to the 

NPs, i.e., at different migration times. This finding was easy to verify when injecting the 

salt sample spiked with the NPs, which can be distinguished as they appear later than 

the peaks due to the salt. On the basis of this information, it can be inferred that there 

is no matrix effect when applying the CE-ELSD methodology developed in this research 

to samples such as salt. Matrix interference was observed and the expected silica 

nanoparticle peaks were obtained. The added and determined concentration values for 

SiO2NPs are in good agreement and high recoveries (90-97%) were obtained. Silica 



 Analytica Chimica Acta 923 (2016) 82–88 

	

	

149 

nanoparticles are increasingly being used as a need to employ smaller and smaller sizes 

when it comes to additives. Hence, simple and low cost methods are needed. In this 

case, a simple CE-ELSD method has been developed to assess to what extent the matrix 

effect of a real sample is able to mask nanoparticles detection. As it is shown in the 

electropherograms, detection could be performed in spite of the composition of the 

sample. This methodology may be applied to other sorts of food products in which silica 

nanoparticles have been added to confirm its good performance for their detection and 

its reliability to confirm the presence of the nanoparticles. However, further analyses 

will be required to quantify the total amount in order to evaluate a possible excess with 

respect to the legal limits established. 

 

I I .1.4. CONCLUSIONS 

 

A CE-ELSD technique, which is based on a triple-tube sprayer has been used to 

determine SiO2NPs by size (from 20 to 100 nm). This arrangement proved to be a 

powerful separation tool to determine particles with such small sizes, which produce 

peaks that are very close to each other, with a short analysis time (less than 20 min) and 

with good resolution for the three nanoparticle sizes studied. The biggest advantage is 

the reliability provided by the sheath liquid for spray formation, the simplicity of the 

interface development, which is based on commercially available devices, as well as the 

inexpensive nature of the methodology. Furthermore, ELSD is a universal detector, 

provided that the analyte is less volatile than the buffer solution, and it can be useful to 

determine other sorts of nanoparticles that are not sensitive to detectors such as UV-

visible or fluorimetric. The methodology developed in this research opens a new route 

for the characterisation of other sorts of nanoparticles and their reliable detection in 

real samples. The main limitation of this coupling is probably the sensitivity. Although a 

real sample like salt would probably contain nanoparticles of a broad size distribution, 

the objective of this research work was to develop a method based on CE coupled ELSD 

to evaluate the matrix effect of a real sample on the SiO2NPs determination. It was 

demonstrated that there is no influence of the matrix on the peaks corresponding to 

the nanoparticles. This is an initial point for future research works focused on more 
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different sizes to mimic real situations in which nanoparticles with broad size 

distributions are added to diverse sorts of samples. The development of new interfaces 

to couple CE with more sensitive detectors for nanoparticles, such as DLS and MALS, 

will be investigated in due course. 
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I I .2.  Use of capil lary electrophoresis for 

characterisation of vinyl-terminated 

Au nanoprisms and nanooctahedra. 

 



 

	

	

156 



 

	

	

157 

 

 

ABSTRACT 

It is described a simple, rapid and efficient methodology to characterise and separate 

gold nanoprisms and nanooctahedra by capillary electrophoresis. This technique is 

suitable to distinguish between morphologies and it can be used as a powerful 

separation tool after a customised synthesis of both structures. This synthesis was 

carried out by amending two parameters, temperature and pH, and a sharp decrease 

was found in nanotriangles when temperature was increased from 70 up to 95ºC. 

However, when the synthesis was performed at a given temperature, an increase in pH 

did not promote an important change in isolation of any structure until pH=9.5, critical 

in the final morphology of the nanoparticle. Gold nanoprisms and nanooctahedra were 

successfully separated by capillary electrophoresis according to differences in charge-

to-mass ratio of the morphologies. Final particle morphology was confirmed by 

transmission electron microscopy analysis. Under optimal working conditions, a mixture 

containing both shapes of gold nanoparticles was initially injected and two major peaks 

were obtained for each structure. Capillary electrophoresis allowed to study pH and 

temperature influence on both morphologies. It was inferred that the ratio between 

triangles and octahedra decreased to a great extent when increasing both temperature 

and pH.  

 

KEYWORDS: capillary electrophoresis, gold nanoparticles, nanooctahedra, nanoprisms. 
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I I .2.1. INTRODUCTION 

 

Gold nanoparticles (AuNPs), defined as gold particles with a diameter between 

few and hundreds of nanometers, have become of interest in different disciplines due 

to their optical and electromagnetic properties. In fact, from the initial investigations of 

colloidal gold developed by Faraday, beginning in the 1800s, it is well-known that metal 

nanoparticles (MNPs) in the nanometer scale possess different properties compared 

with that at macroscopic level [1]. These differences are caused by the localised surface 

plasmon resonance (LSPR). This phenomenon is produced when an external 

electromagnetic field interacts with a MNP, resulting in the delocalisation of the 

electron cloud, which produces an intense absorption band on the UV-vis spectral 

region, giving way to interesting optical properties due to the increase in the local 

electromagnetic field near the MNP surface, which is exploited, for instance, in SERS 

spectroscopy. The surface plasmon band depends on several factors, such as particle 

size and shape, as well as the surrounding refractive index. This dependence is highly 

sensitive and forms the basis of localised surface plasmon resonance spectroscopy [2]. 

It is due to the LSPR of AuNPs that they show strong optoacoustic responses being 

currently the standard for signal generation in optoacoustic imaging (thanks to their 

photostability) [3]. It must be also highlighted that they experience an electrodynamic 

interaction on a near field at short enough distances [4]. Since their discovery, AuNPs 

have been the subject of an exponentially increasing number of reports for optical, 

electronic, magnetic, catalytic, and biomedical applications in the 21st century [5]. 

Applications in nanomedicine are well known since they can act as agents in 

photothermal therapies and cancer diagnosis [6,7], features attributed to their optical 

properties. Considering sizes and shapes, it is also important to know that AuNPs are 

promising agents for applications in biomedical imaging [8] and biological needs as 

labelling [9] or sensing [10]. Chemical applications include: (i) preconcentration and 

separation of light and heavy weight compounds [11], (ii) enhancement of separation 

features as a modifier of the running buffer [12], (iii) increase of the efficiency and 

selectivity in capillary electrophoresis [13], (iv) use as a catalytic agent for combustion 

of hydrocarbons or reduction of nitrogen oxides, etc [14]. AuNPs can be synthesised by 
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a wide variety of methods, some of them being bio-mediated [15-17], other seed-

mediated [18,19], and there are numerous procedures to obtain AuNPs with controlled 

shape and/or size [20-24]. 

Physico-chemical characterisation of AuNPs can be performed by several 

techniques such as transmission electron microscopy (TEM), high-performance liquid 

chromatography (HPLC), size exclusion chromatography (SEC) and flow-field 

fractionation (FFF) [25-32]. By using TEM, size-dependent properties can be deduced, 

however, it is a time-consuming technique and does not provide any nanoparticle 

separation. In addition, it is difficult to infer ensemble’s average properties, such as 

average diameter or shape. This statistical uncertainty arises partly because of the 

manipulation by the user, alteration of particles during sample preparation or by 

radiation damage. HPLC and SEC have been used and were combined with TEM to 

successfully characterise nanometer-sized metal clusters. However, resolution of HPLC 

and SEC is not high enough for AuNPs shapes. Capillary electrophoresis (CE) is currently 

one of the most powerful separation techniques. Over the past two decades it has been 

implemented among a large group of high-resolution separation modes. In terms of 

simplicity, resolution and economy, CE can overcome HPLC because of its ability to use 

small volumes of sample and reagents, low mass detection limits, and easy 

miniaturisation. Consequently, CE has been increasingly used as a technique for the 

separation of AuNPs [33,34] and AuNPs conjugates [35,36]. To the best of our 

knowledge, all reports involving AuNPs and the CE technique are focused on the 

separation of AuNPs and their conjugates by their sizes. This study describes 

characterisation and separation of AuNPs by shapes. 

In the presented work, we have studied in a detailed way a seedless method 

that resulted in the synthesis of a mixture containing AuNTPs and AuNOs, which was 

recently reported by some of us [37]. Consequently a better evaluation concerning the 

percentage of prisms and octahedra obtained by using a more appropriated technique 

is highly desired. Aside, we are also interested in analysing the influence of the pH by 

using the mentioned method. For this purpose, we develop a simple process based on 

CE-DAD by injection of a mixture containing a colloidal solution and by using a running 

electrolyte carrying out a charged surfactant, sodium dodecyl sulfate (SDS). Given that it 
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is essential to mention that the nanoparticles can be separated in virtue of their 

structures. SDS will form a micelle with the nanoparticles and consequently, it will alter 

their electrophoretic mobility in such a way that one structure will migrate in a different 

way from the other. 

 

I I .2.2. EXPERIMENTAL 

 

I I .2.2.1. Chemicals,  materials and reagents 

 

Sodium hydroxide in pellets (SigmaUltra, minimum 98%), 

tris(hydroxylmethyl)aminomethane (Tris), sodium dodecyl sulfate (SDS) 3-butenoic acid 

(3BA, 97%), cetyltrimethylammonium chloride (CTAC, ≥98%), benzyldimethyl 

hexadecylammonium chloride (BDAC, ≥97%), tris(hydroxymethyl)aminomethane (Tris) 

and 3-(cyclohexylamino)-1-propanesulfonic acid (CAPS), HAuCl4�3H2O (≥99.9% trace 

metal basis) were purchased from Sigma Aldrich (St. Louis, MO, USA). All reagents were 

used without further purification. Deionised water was obtained from a Milli-Q 

purification system (Millipore, Bedford, MA, USA). 

 

I I .2.2.2. Instrumentation 

 

UV-vis measurements of aqueous colloidal solutions were recorded with a HP 

Agilent 8453 diode array spectrophotometer. Transmission electron microscopy (TEM) 

images of Au colloidal solutions were acquired on a JEOL JEM 1400 operating at an 

acceleration voltage of 80 kV. Samples were prepared by drying a drop of 10 μL of 

colloidal suspension on a carbon-coated copper grid. Electrophoretic analyses were 

conducted with an Agilent Model G1600AX (Palo Alto, CA, USA) CE instrument equipped 

with a diode array detector. 
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I I .2.2.3. Synthesis of vinyl-terminated gold nanoparticles (AuNPs) 

 

Vinyl-terminated AuNPs were synthetised using the following procedure based 

on the previously described by Casado-Rodriguez et al. [37] with modification in 

temperature and pH in the synthesis conditions in order to achieve better control in 

proportion of AuNTPs and AuNOs obtained in the final synthesis. In a typical synthesis, 

50 mL of a mixture of 0.5 mM HAuCl4 and 5 mM BDAC was introduced into a round 

bottom flask under mild magnetic stirring. After that, the solution was heated until the 

desired temperature. Then, 100 μL of 3BA were added into the mixture and the 0.1 M 

sodium hydroxide was added to adjust the desired pH. After a suitable time to reduce 

all the HAuCl4 to Au0 the solution was allowed to cool down to room temperature. 

Finally, in order to remove the excess of 3BA and BDAC, the colloidal dispersion 

containing the AuNPs mixture was centrifuged at 8500 rpm during 30 min in every case. 

The supernatant was removed and the pellet was dispersed in 50 mL of 4 mM BDAC. 

 

I I .2.2.4. CE-DAD conditions 

 

Separation and detection of Au nanotriangular prisms (AuNTPs) and 

nanooctahedra (AuNOs) were carried out at room temperature (20ºC) on fused-silica 

capillaries with 50 μm i.d. x 90 cm of total length. Applied voltage was fixed at 25 kV. 

Prior to use, the capillary was preconditioned every day by washing with 0.1 M NaOH 

for 5 min, followed by deionised water for 5 minutes and fresh running electrolyte for 

30 min. The capillary was reconditioned prior to each sample injection by rinsing with 

water for 2 minutes, 0.1 M NaOH for 5 min, water for 5 min and background electrolyte 

for 5 min, all these steps with a high-flush pressure of 2 bar. Aqueous buffer solution 

used for the separation of AuNPs was a mixture of 10 mM Tris with 20 mM SDS at pH 

8.5, following the indications of a previous research [33]. AuNPs were introduced into 

the capillary by positive pressure at 50 mbar for 10 s (approximately 8 nL according to 

the Poiseuille equation) in a ‘sandwich’ injection with the introduction of buffer at 50 

mbar for 10 s before and after the injection of the sample. Measures were made at 200, 

580 and 599 nm with 450.80 nm of wavelength as the reference value. All AuNPs 
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samples were sonicated during 10 minutes prior to their analyses by CE-DAD and no 

further sample treatment was needed in any cases. When they were not used until the 

following day, they were stored into the fridge. 

 

I I .2.3. RESULTS AND DISCUSSION 

 

I I .2.3.1. Separation and detection of AuNTPs and AuNOs by CE-DAD 

 

Before separation of synthesised AuNPs, and taking into account that there were 

no commercial standards available for their different morphologies, their absorption 

spectra were obtained after purification of the initial solution of gold nanoprisms and 

nanooctahedra. To do that, it was necessary to apply a surfactant micelle depletion-

induced flocculation by using CTAC as surfactant [37]. Once AuNPs were synthesised, 

the dispersion was centrifuged at 7500 rpm during 30 min with the aim of removing the 

bigger particles obtained, then the precipitate was redispersed in CTAC. This procedure 

was repeated once more and gold nanoprisms and nanooctahedra were then separated 

and purified. Confirmation by TEM images was necessary to guarantee that the 

purification was successfully completed and Fig. II.2.1A and Fig. II.2.1B shows that the 

purification step was satisfactory, with a yield >90%. The corresponding absorption 

spectra of these AuNPs shapes synthesised are shown on Fig. II.2.1C and Fig. II.2.1D. A 

certain volume of the solutions containing each “purified” nanoparticle shape was 

placed in the cuvette and characterised in the UV-Vis spectrophotometer.  
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Figure I I .2.1. (A) and (B) Representative TEM image for AuNTPs and AuNOs after 

purification, respectively. (C) Typical absorption spectrum for the triangle-shaped 

AuNPs solution. (D) Typical absorption spectrum for the octahedra-shaped AuNPs 

solution. 

 

Triangles happened to absorb at a different wavelength in relation to octahedra, 

therefore it was crucial to know these wavelength values so as to monitor each 

morphology as a single peak in the electropherograms. Octahedral-shaped 

nanoparticles show their maximum absorption at a lower wavelength, 580 nm, than the 

triangle-shaped ones, 600 nm, a wavelength difference sufficient to measure both 

spectra in the electrophoretic system without interference. The small amounts of 

solutions of the separated shapes were only used for the spectrophotometric analyses 

and these characteristic wavelengths were then introduced as parameters for the CE-

DAD separation. 

As mentioned in the introduction, gold nanoparticles have different 

electrophoretic mobilities according to their diameters and shapes [38]. Electrophoretic 

mobility depends on the ionic strength of the running medium (i.e. concentration of the 
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electrolyte, since ionic strength has an influence on the thickness of the electrical 

double layer (EDL)). The electrophoretic mobility of AuNPs should increase upon 

increasing the buffer concentration because a high buffer concentration reduces the 

thickness of the EDL what leads to a smaller apparent particle size/shape. 

In virtue of the absorption wavelengths of the different shapes, they were 

separated by CE-DAD with well-defined peaks corresponding to each structure with the 

aid of previous electropherograms belonging to each morphology (Fig. II.2.2A and Fig. 

II.2.2B for AuNTPs and AuNOs respectively). AuNTPs and AuNOs, after characterisation 

by TEM and UV-Vis spectrophotometry, were injected separately into the 

electrophoretic system and they showed individual peaks that were taken into account 

when the mixture of both morphologies was analysed by CE-DAD (Fig. II.2.2C).  

 

Figure I I .2.2. (A) Injection in CE-DAD of AuNTPs at 600 nm; (B) AuNOs at 580 nm; (C) 

typical electropherogram after the injection of a mixture of triangular and octahedral 

AuNPs at 580 nm. Triangular NPs eluted the first, with the lower peak, and octahedra 

eluted later. 
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Triangular prisms showed a lower intensity peak than octahedra and the 

resolution was good between both peaks. pH was one of the most important 

parameters to optimise, and several attempts within the range 8.0-11.0 were made in 

order to choose the optimum pH for the separation. At the end, 8.5 was selected as the 

pH value for which the best separation was achieved, as coelution happened with the 

rest of the experiments. Buffer composition was also another important factor and 

various mixtures containing CAPS, Tris and SDS were attempted in order to improve 

separation (data not shown), and eventually 10 mM Tris and 20 mM SDS was the 

mixture selected. It is also important to point out that electrophoretic analyses were 

very difficult to perform as the AuNPs samples were dissolved in BDAC and numerous 

problems relating to the current provided by the CE device were encountered, hence it 

was necessary to make various injections to obtain acceptable results and well-defined 

peaks with constant intensity current throughout the electropherogram. 

 

I I .2.3.2. Controll ing the synthesis of vinyl-terminated Au nano-prisms 

and nanooctahedra 

 

CE-DAD was demonstrated to be suitable as a separation technique to 

distinguish and monitor the obtention of the different AuNPs morphologies after 

synthesis. Peaks shown on the electropherograms permitted to quantify the proportion 

of one morphology in relation to the other. Thus, CE allowed to conduct an assessment 

on the influence of temperature throughout the synthesis so as to obtain both 

morphologies. This study was performed by multiple injections of every sample 

containing the mixture of both shapes. Temperature range was 70-95ºC for the 

different experiments conducted for the preparation of AuNPs. Several samples of the 

mixture containing both AuNTPs and AuNOs were injected into the CE-DAD system and 

peak areas were calculated to establish a comparison between the abundance of both 

morphologies. In the light of results (Fig. II.2.3), there was a point from which the 

proportion of both structures remained constant, and beyond 90ºC it was possible to 

obtain a higher amount of nanooctahedra isolated from nanoprisms. 
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Figure I I .2.3. Influence of temperature on the ratio between Au nanoprisms and 

nanooctahedra. 

 

I I .2.3.3. Influence of pH in the synthesis of AuNTPs and AuNOs 

 

CE was also intended for carrying out a study of the pH increase during the 

synthesis of the AuNPs. This assessment was conducted for the different amounts of 

sodium hydroxide added in separate experiments (25-150 μL was the range employed, 

which meant pH 7.0-11.0). It was observed that an increase of the pH led to an increase 

in the ratio of Au nanooctahedra (Fig. II.2.4) in relation to nanoprisms with a maximum 

of 90% ratio of nanooctahedral shape at pH values higher than 10.0. Thus changes in pH 

also permitted to design a customised synthesis of Au nanooctahedra. 
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Figure I I .2.4. Influence of pH on the proportion of Au nanoprisms and nanooctahedra 

obtained after their synthesis. 

 

I I .2.4. CONCLUSIONS 

 

A new and simple CE-DAD-based method has been demonstrated to be a 

powerful tool for separation of different shapes of AuNPs and this achievement opens a 

new route to implement an electrophoresis-based methodology in separation of NPs by 

shape, as all studies previously conducted have dealt with size. The use of SDS was 

crucial to alter the electrophoretic mobility of the nanoparticles by the formation of 

micelles, and this promoted a selective shape separation. An increase of the 

temperature and the pH during the synthesis led to a decrease in the ratio of triangles 

in relation to octahedral, which were not affected to a great extent. CE was capable of 

detecting such important changes during AuNPs synthesis. This feature is very 

important because applicability of gold nanoparticles may vary depending on their 

morphology. Thus, nanooctahedra are typically useful for surface-enhanced Raman 

scattering. Gold nanoprisms have been responsible for the development of plasmonic 

devices or even selective sensors for vapour samples. They have also been proven to be 

applied in architectural optical coatings. For this reason it is relevant to carry out 
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selective syntheses of specific morphologies for gold nanoparticles for obtaining both 

nanoprisms and nanooctahedra. To know or to confirm the results the corresponding 

analytical monitoring is needed. 
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his section is dedicated to a few examples within the enormous application 

range that magnetic nanomaterials offer for sample handling, typically 

orientated to cleanup and preconcentration of target analytes prior to 

determination by means of an analytical technique. The importance of 

developing new alternative approaches to classical solid-phase extraction is such that in 

many ocassions magnetic-nanoparticle-based sorbents have been demonstrated to be 

more effective than conventional packed cartridges in terms of recovery, sensitivity and 

selectivity. In addition, these nanosorbents can be synthesised in the laboratory, then 

minimising purchasing costs associated with commercial materials. 

In a first study, the combination of magnetic nanocellulose and ionic liquid for 

extraction of potential food contaminants, namely neonicotinoid insecticides, has been 

successfully proven in bovine milk samples. The ease and quickness of sample 

preparation was undeniable, together with the fact that no toxic solvents were involved 

in the procedure, unlike conventional strategies such as liquid-liquid extraction. Good 

analytical performance was obtained for six neonicotinoids and they were separated by 

liquid chromatography-mass spectrometry, subsequently determined in spiked milk 

samples. This approach opens a neverending highway to implement magnetic hybrid 

nanomaterials for extraction of toxic compounds in matrices of interest, the ionic liquid 

acting as an enhancer of analytes adsorption and retention. 

A further analytical methodology on this area was intended to offer a valuable 

alternative to a well-known commercial cartridge employed for solid-phase extraction. 

The aim was to synthesise a co-polymer bearing styrene and divinylbenzene in the 

optimum proportion so as to retain propranolol, an antihypertensive drug which was 

the analyte of interest. The new sorbent was able to increase the enrichment factor for 

this drug to a greater extent than conventional approaches and an enantioselective 

separation of R- and S-isomers of propranolol was performed by means of capillary 

electrophoresis with diode-array detection, the buffer solution containing a cyclodextrin 

responsible for discrimination between propranolol enantiomers. This method was 

applied to human urine samples with excellent detection and quantification limits. 
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I I I .1.  Magnetic nanocellulose hybrid 

nanoparticles and ionic l iquid for 

extraction of neonicotinoid 

insecticides from milk samples prior 

to determination by l iquid 

chromatography-mass spectrometry.  

 

 



 

	

	

178 



	

	

	

179 

 

 

ABSTRACT 

A simple and rapid microextraction procedure is reported on the use of ionic liquid in 

combination with magnetic nanocellulose hybrid nanoparticles. The procedure is 

ultrasound-assisted and applicable to selective preconcentration of neonicotinoid 

insecticides from milk samples, prior to being analysed by liquid chromatography-mass 

spectrometry. The extraction procedure uses small volume of organic solvents (<1 mL), 

and there is no need for centrifugation. In the experimental approach the ionic liquid 

was quickly disrupted by an ultrasonic probe and dispersed in milk samples in a cloudy 

form. At this stage, neonicotinoid insecticides were extracted into the fine droplets of 

ionic liquid. Then small amounts of magnetic nanocellulose hybrid nanoparticles were 

dispersed into the sample solutions to adsorb the ionic liquid containing the analytes 

and phase separation was completed. The ionic liquid allowed the microextraction of 

the analytes and a small volume of acetonitrile was used for elution. Magnetic 

nanocellulose favoured the adsorption of the ionic liquid with the analytes and 

improved the final recovery with respect to the use of simple magnetic nanoparticles as 

a sorbent material. Under the optimum conditions, decision capabilities were achieved 

in the 0.02–0.06 mg kg−1 range, with recoveries between 91.0 and 109.5%.  

 

KEYWORDS: Magnetic nanocellulose microextraction, Ionic liquid, liquid 

chromatography - mass spectrometry, milk samples, neonicotinoid insecticides. 
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I I I .1.1. INTRODUCTION 

 

Neonicotinoid insecticides are one of the most relevant of the new generation of 

pesticides contributing to reduce toxicity for the environment (Vichapong et al. 2016a). 

This sort of insecticide is efficiently active against various types of insects, namely 

whiteflies, aphides, beetles, etc (Di Muccio et al. 2006). Neonicotinoids are chemically 

related to nicotinic acid, as shown in Figure III.1.1. This group of insecticides consists of 

seven compounds, five of them containing nitro substituents (dinotefuran, nitenpyram, 

thiamethoxam, imidacloprid and clothianidin) and two of them cyano (acetamiprid and 

thiacloprid) (Jovanov et al. 2015). 

 

 

Figure I I I .1.1. Chemical structures of the six determined neonicotinoid insecticides. 

 

Over the last two decades, neonicotinoids have become one of the most broadly 

used types of insecticides and they account for 25% of the insecticides world market 

(Zhang et al. 2016). Neonicotinoids act as agonists at the insect nicotinic acetylcholine 

receptors (nAChRs), whose role is crucial in the synaptic transmission in the central 

nervous system (Zhang et al. 2012). These chemicals interfere in the transmission of 

neural messages in insects more efficiently than in mammals and vertebrates 
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(Tomizawa and Casida 2005). Use of neonicotinoids is allowed for a broad range of 

agricultural and horticultural plants flowering at different seasons (Van der Sluijs et al. 

2013), including soy, rice, cotton, sunflower, corn and even different kinds of fruits 

(Biever et al. 2003). In 2013, the European Commission approved the use of 

clothianidin, thiamethoxam and acetamiprid as active substances in plant protection 

products, but the use and sale of seed treated with neonicotinoids was banned (EU 

2013). Nonetheless, residues are permitted up to the maximum residue levels (MRLs) in 

fruits and vegetables, covering a broad range between 0.01 and 0.5 mg kg-1 attending 

to different criteria based on the type of fruit and vegetable (EC 2005). The occurrence 

of neonicotinoid residues in milk is a public health concern, since milk and dairy 

products are widely consumed by infants, children and adults throughout the world. In 

view of this, European countries have enacted regulations that limit the level of 

neonicotinoid pesticides residues in milk and dairy products to between 0.02 and 0.2 

mg kg-1 (EC 2005). 

Over last decades, numerous analytical approaches dealing with neonicotinoids 

have been addressed, typically based on immunoassays (Watanabe et al. 2001, 2004, 

2006, 2007, 2011; Wang et al. 2014), colorimetric methods (Xu et al. 2011), Raman 

spectroscopy (Wijaya et al. 2014; Hou et al. 2015), capillary electrophoresis (Sánchez- 

Hernández et al. 2014), and more commonly high-performance liquid chromatography 

with either UV detection (Obana et al. 2002; Seccia et al. 2008; Wu et al. 2011; Wang et 

al. 2012b; Liu et al. 2014, 2015; Safari et al. 2016) or MS detection (Obana et al. 2003; 

Xie et al. 2011; Kavvalakis et al. 2013; Gbylik-Sikorska et al. 2015; Hao et al. 2016). 

Neonicotinoids have been quantified in many sample matrices, namely vegetables 

(lettuce, cabbage, spinach, onion, radish), fruits (apple, peach, strawberry, grape, pear), 

food items (honey, juice, milk) and even spices (cucumber and ginger). 

Typically, cleanup strategies are needed to remove interferences within the 

sample matrix and to preconcentrate the analytes. Liquid-liquid extraction is 

demanding, time-consuming and large volumes of toxic solvents are required. Likewise, 

solid-phase extraction (SPE) is universally employed for sample handling due to high 

retention capacity of cartridges and extraction rapidity, although poor recoveries, 

insufficient cleanup or low reproducibility can be problems. That is why alternative 
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approaches have been addressed with a double objective: minimising drawbacks 

commonly associated with unsuccessful extraction methods and shortening adsorption 

and desorption steps. Recently, SPE procedures involving nanoparticles with magnetic 

properties (Magnetic solid-phase extraction, MSPE) have intensely been increased for 

the preconcentration of many analytes, as well as for elimination of interferences 

(clean- up). The preparation of sorbent does not need to be packed into the cartridge 

(as in SPE), and hence the separation of the extracted phase can be carried out in an 

easy way by applying an external magnetic field, resulting in reduced time for sample 

preparation. Afaram et al. (2015) has described a sensitive method for quantification of 

malachite green in different water samples, achieving recoveries beyond 90% and 

acceptable precision values. Extraction was short despite needing a centrifugation step. 

Yilmaz and Soylak (2016) succeeded in preconcentration of ziram and they applied their 

extraction methodology to several liquid and cereal samples. Detection limits were in 

the region of single digit μg L-1 and zinc was demonstrated to be monitored by atomic 

absorption spectrometry in these complex samples. The main pitfall of this research 

might be the two-day procedure followed for synthesis and functionalisation of the 

nanosorbent, based on nanodiamonds and surface modification with carboxyl 

substituents. 

In recent years, several variants for sample treatment different from classic 

methodologies have been reported, some of them dealing with magnetic graphene 

(Kaur et al. 2014; Xie et al. 2014) or graphene grafted silica-coated Fe3O4 (Ma et al. 

2013) for extraction of neonicotinoid insecticides prior to analysis by methodologies 

developed with the aforementioned techniques Additionally, the use of a room-

temperature ionic liquid (RTIL) to help improve the recovery of the extraction has been 

reported (Vichapong et al. 2016a, 2016b). RTILs contribute to reduce the consumption 

of large amounts of toxic organic solvents and are considered as environmentally-

friendly extraction solvents. Typically, RTILs consist of an ionic media containing organic 

cations and anions in liquid state at room temperature (Liu et al. 2004). They are 

gaining an increasing importance due to their unique features (Gure et al. 2015), 

including negligible vapor pressure, good thermal stability and adjustable viscosity and 

miscibility in aqueous samples. Their physicochemical properties, however, depend on 
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the nature of their constituents (He and Alexandridis 2015). Recently, two studies 

(Farajzadeh et al. 2016; Vichapong et al. 2016a) have reported a selective ionic liquid 

phase microextraction of neonicotinoid insecticides from fruit juice and honey. They 

achieved low detection limits and linear range for all analytes was wide with acceptable 

precision values. However, these methods are time consuming when a centrifugation 

step is needed to complete the phase separation of target analytes extracted in the 

ionic liquid. This often results in a tedious procedure and complete removal of fine 

droplets of ionic liquid is not guaranteed. These shortcomings can be circumvented by 

developing an effective sample handling strategy based on microextraction. Using 

magnetic materials to adsorb the fine droplets of ionic liquid and complete phase 

separation is a promising approach. 

In this work, we investigated whether magnetic nanocellulose (MNC) could be 

prepared and used for complete separation of ionic liquid extracting neonicotinoid 

insecticides from milk samples, prior to determination by liquid chromatography-mass 

spectrometry (LC-MS). The unique supermagnetic property allows MNC to be easily 

separated from the matrix with a magnetic field. Compared to the conventional ionic 

liquid-dispersive liquid-liquid microextraction, the proposed method is more 

advantageous in terms of simple operation procedures and short time analysis. In fact, 

the extraction procedure itself does not take longer than 10 min, no centrifugation step 

is involved, and the analytes are easily eluted with acetonitrile and separated from the 

sorbent material with an external magnet. Additionally, no sophisticated devices are 

required since a conventional HPLC coupled to a single quadrupole MS detector was 

employed and this can be considered as a methodology with excellent detection and 

quantification limits with the equipment available in our research group. By using the 

proposed methodology, neonicotinoid insecticides including dinotefuran (DINOT), 

thiamethoxam (THIAM), clothianidin (CLOT), imidacloprid (IMIDA), acetamiprid (ACET) 

and thiacloprid (TIAC), were selectively isolated and matrix interferences were quickly 

and easily eliminated, therefore sample treatment was simplified. 
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I I I .1.2.  EXPERIMENTAL 

 

I I I .1.2.1. Chemicals and reagents 

 

All neonicotinoid analytical standards were of the highest purity. DINOT, THIAM, 

CLOT, IMIDA, ACET and TIAC were purchased from Sigma Aldrich (St Louis, MO, USA). All 

stock solutions of each pesticide were prepared at 1000 mg L-1 by dissolving an 

appropriate amount of them in pure acetonitrile. Sodium hydroxide pellets (SigmaUltra, 

minimum 98%) and sodium carbonate were obtained from Sigma Aldrich (St Louis, MO, 

USA), as well as iron (II) sulphate heptahydrate, cobalt (II) chloride and potassium 

nitrate. The ionic liquid, 1-butyl-3-methylimidazolium hexafluorophosphate (C4MIMPF6) 

(≥97.0% HPLC), and microcrystalline cellulose (~50 μm particle size) were also 

purchased from Sigma Aldrich (St Louis, MO, USA). All liquid reagents employed for 

analyses were of analytical grade: formic acid, acetonitrile and isopropyl alcohol. 

Deionised water was obtained from a Milli-Q purification system (Millipore, Bedford, 

MA, USA). 

 

I I I .1.2.2. Instrumentation and chromatographic conditions 

 

A LC pump (Agilent series 1100, Waldbronn, Germany) was employed for the 

chromatographic system. For the chromatographic separation of the analytes a C18 

reverse phase Agilent TC-C18(2) (250 × 4.6 mm, 5 μm) from Agilent (Waldbronn, 

Germany) was used, including an injection valve with an inner loop of 40 μL for direct 

injection of the analytes into the chromatographic column. Detection was performed 

with a UV–Vis diode array detector (Agilent, 1200 series) equipped with a 2 μL flow cell 

coupled in series with a single quadrupole MS detector (Agilent, 6140 series), equipped 

with an atmospheric pressure ionisation source electrospray (API-ES). The wavelengths 

were fixed at 250, 265 and 270 nm, the reference wavelength being set at 450.10 nm. 

The optimal operating parameters for the MS detector in positive ion mode were: 

drying gas flow 10 L min−1, drying gas temperature 330 °C, nebuliser pressure 45 psi, 

gain 100 and capillary voltage 4000 V. Single ion monitoring (SIM) was used to quantify 
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the target analytes using external calibration. Previously, full scan mode was used to 

identify the analytes by matching the retention time and mass spectra with standards. 

The main mass spectra ions were 203.1 (DINOT), 256.1 (IMIDA), 292.0 (THIAM), 250.0 

(CLOT), 223.1 (ACET) and 253.0 (TIAC). 

Chromatographic analyses were carried out with a mobile phase consisting of 

formic acid 0.2% in water and acetonitrile (80:20, v/v) in isocratic mode (Wang et al. 

2012a) and a flow rate fixed at 1 mL min−1. Injection volume was 20 μL and the column 

was maintained at a temperature of 40 °C. At the end of the day, the column was 

flushed with pure acetonitrile to remove impurities and all channels were purged with 

pure isopropyl alcohol on a weekly basis. All solvents were filtered through a 0.45-μm 

nylon membrane (Teknokroma) prior to LC-MS analysis. 

 

I I I .1.2.3. Synthesis of magnetic nanocellulose (MNC) 

 

This step was based on a previous synthesis already reported (Benmassaoud et 

al. 2017) with slight amendments. An aliquot of 20 mg of microcrystalline cellulose was 

dispersed in 200 mL of a freshly prepared aqueous solution of FeSO4 and CoCl2 with 

molar ratio [Fe]/[Co] = 2. The dispersion was heated at 90 ºC for 3 h to promote further 

transformation of soluble initial iron/cobalt hydroxides to insoluble iron/cobalt 

oxyhydroxide complexes. The nanocellulose (NC) network was then transferred to 200 

mL of an aqueous solution containing 1.32 mol L-1 NaOH and KNO3 ([Fe2+]/[NO3−] = 0.44) 

at 90 ºC for further 8 h. The particle-functionalised networks were freeze-dried to 

generate the ferromagnetic aerogel nanocomposites. With the aid of an external 

magnet, all supernatant water was removed and the resultant solid was dried in the 

oven at 80 ºC overnight. 

 

I I I .1.2.4. Ionic l iquid-based ultrasound-assisted dual magnetic 

nanocellulose microextraction procedure 

 

The general procedure for ionic liquid-based ultrasound-assisted dual magnetic 

nanocellulose microextraction is depicted on Figure III.1.2. It consists of a mixture of 25 
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g milk placed in an Erlenmeyer flask containing 1.0 g of Na2CO3 dissolved in water, then 

further diluted with water up to 50 mL. This mixture was spiked with each neonicotinoid 

in a 20-200 μg L-1 concentration range. Then, 300 μL of C4MIMPF6 were added and the 

mixture was sonicated at 35 kHz and 360 W for 5 min to accelerate the formation of a 

fine dispersive mixture. After that 50 mg of MNCs were added into the flask. This 

material was not reused and the same amount was weighed to be added together with 

the sample before every single extraction. The mixture was again sonicated for 5 min 

under the aforementioned conditions. The magnetic sorbent remained at the bottom of 

the Erlenmeyer flask and the aqueous phase was carefully discarded with the help of an 

external magnet. A small volume of acetonitrile (500 μL) was added to desorb the ionic 

liquid and neonicotinoids from MNCs, followed by 60 seconds of sonication. Finally, 500 

μL of water were added to decrease viscosity, the MNCs were separated from the 

solution with a magnet, and 20 μL of sample were injected into the chromatographic 

system. 

 

  

Figure I I I .1.2. Scheme of the general procedure for ionic liquid-based ultrasound-

assisted dual magnetic nanocellulose microextraction. 
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I I I .1.3. RESULTS AND DISCUSSION 

 

I I I .1.3.1. Optimisation of extraction parameters 

 

All parameters partaking in the extraction process were studied and optimised. 

The parameters affecting extraction performance, such as the amount of sodium 

carbonate, C4MIMPF6 volume, amount of MNC, adsorption time and elution solvent, 

were investigated by the univariate method. When one parameter was changed, the 

other parameters were fixed at their optimal values. Table III.1.1 summarises all 

variables assayed for this method. 

 

Table I I I .1.1. Optimised operating conditions for extraction and determination of 

neonicotinoid insecticides by LC-MS. 

 

 

Firstly, the sodium carbonate added was intended to create a salting-out effect 

on extraction efficiency. Different amounts of this salt (0.25-1.5 g) were added to 

several mixtures containing the neonicotinoids and there was a point beyond 1 g (pH 

11.60) from which peak area would not rise with ionic strength, hence 1 g was 

eventually selected. This pH value was high enough to favour the ionisation of 
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dinotefuran (pKa=12.60) and clothianidin (pKa=11.10), the two neonicotinoids with the 

highest pKa values (Bonmatin et al. 2015), and their interaction with MNC was then 

enhanced. Furthermore, a higher amount of sodium carbonate complicated the 

solubility of this salt in a mixture with such a small volume (50 mL) and it was necessary 

to save time for this purpose. C4MIMPF6 volume was optimised from 100 to 300 μL to 

assess the influence of this amount on the chemical interaction between the ionic liquid 

and the analytes. The choice of 300 μL as the optimal volume was adequate, since the 

ionic liquid promoted the desired enhancement of peak area, perhaps due to an 

increasingly effective adsorption depending on the amount of ionic liquid. Nonetheless, 

it was not advisable to make attempts with higher volumes due to the high viscosity of 

C4MIMPF6. In addition, different experiments were conducted with increasing amounts 

of MNC (10-100 mg) and 50 mg was chosen as the optimal value as a higher peak area 

was not achieved beyond this amount. Next, the effect of the adsorption time on 

neonicotinoid recoveries, between 1 and 30 min, was also examined. It was 

demonstrated that the highest recovery value was achieved in 5 min, and this was the 

time selected for the following experiments. It is of great importance to understand the 

way the adsorbates interact with MNC in order to exploit the advantages of this 

adsorption mechanism in relation to others. The π bondings present in the 

neonicotinoids and N, O and S atoms, which are electron releasing, can promote their 

adsorption onto MNC. The structures of all neonicotinoids studied contain a similar 

number of N atoms, hence the presence of Cl, O and S, together with Van der Waals 

forces, may explain the differences in adsorption. In addition to this, the more-

branched structures of both dinotefuran and clothianidin may favour a better 

interaction with MNC and their chromatographic peaks are larger than for any other 

neonicotinoid. The functional groups of neonicotinoids were retained onto the outer 

surface of MNC structure, thus a homogeneous and monolayer adsorption of the 

neonicotinoids was assumed. Moreover, the ionic liquid helped adsorb the analytes 

onto MNC, since its chemical structure contains an imidazole ring and interactions 

between π electrons present in ionic liquid and aromatic ring of neonicotinoids (not in 

dinotefuran but with a similar behaviour) would be promoted. Analytes solubilisation in 
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the ionic liquid was therefore quick and attachment of neonicotinoids onto MNC and 

ionic liquid was ensured before phase separation with a magnetic field.  

Once extraction conditions were set, desorption of ionic liquid and 

neonicotinoids from MNCs had to be optimised. Two organic solvents including 

methanol and acetonitrile were first tested. The desorption process is more effective in 

acetonitrile compared to methanol and the process is supported by 60 seconds of 

sonication. Therefore, acetonitrile was selected for subsequent experiments. Then, the 

minimum elution solvent volume was optimised for ionic liquid and neonicotionids 

desorption without recovery losses. Different volumes, ranging from 0.25 to 2 mL, were 

tested. Better results were obtained when 0.5 mL was added. Thus, addition of 

acetonitrile (0.5 mL) and sonication for 60 seconds were the steps followed for 

desorption. Eventually, 0.5 mL of water were added to decrease viscosity of the eluent 

before its injection in LC-MS. 

A comparison was carried out between the use of magnetic nanoparticles 

(MNPs) without cellulose (Fe3O4-MNPs) and with the magnetic nanocellulose (Fe3O4-

MNC) synthesised in this work. The results are shown in Figure III.1.3. Non-modified 

MNPs were not as effective as MNCs to promote an extraction intended to obtain 

higher peak areas, hence the use of the synthesised MNC was justified in terms of 

effectiveness and recovery for the extraction procedure. 
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Figure I I I .1.3. LC-MS chromatogram establishing a comparison between the 

employment of magnetic nanoparticles (MNPs) and magnetic nanocellulose (MNC) in 

the extraction of neonicotinoids. Conditions: stationary phase Agilent TC-C18(2); mobile 

phase 80% formic acid 0.2% in water and 20% pure acetonitrile; flow rate 1000 μL min-

1; injection volume 20 μL; concentration of analytes 150 μg L-1. 

 

I I I .1.3.2. Optimisation, separation and detection of neonicotinoid 

insecticides by LC-MS 

 

Variables involved in LC-MS analyses were also optimised, namely stationary 

phase, mobile phase composition, injection volume, flow rate, drying gas flow, drying 

gas temperature, nebuliser temperature, and fragmenting voltage. The optimal 

experimental conditions are summarised on Table III.1.1, including variables assayed in 

certain ranges. Once all these conditions were fixed, the same procedure was followed 

for the analysis of all replicates with the aim to extract, separate and then identify the 

analytes according to retention time by means of LC-MS analyses. Subsequent 

experiments were conducted to assess the analytical performance of this new 

methodology in milk samples. For MS detection SIM modality was used to quantify the 

target analytes by external calibration. 
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Standard solutions of neonicotinoid insecticides were initially analysed by LC 

with conventional UV detection, firstly one by one and then in a mixture of them all, for 

their identification based on retention time. After multiple injections, the elution order 

was found to be as follows: DINOT (~4.85 min), THIAM (~9.45 min), CLOT (~13.20 min), 

IMIDA (~15.15 min), ACET (~19.20 min) and TIAC (~32.90 min). Once the analytes were 

identified it was necessary to quantify them given that conventional UV detection is not 

sensitive enough for this purpose. Thus the LC device was coupled to a single 

quadrupole MS. Firstly, several analyses of the mixture in scan mode were performed in 

order to gather the MS spectra of every single chemical and select the ions to be 

monitored in SIM mode. Sensitivity provided by SIM is higher than scan mode, 

therefore SIM was chosen. All spectra showed the molecular peak as the main one in all 

cases, and empirical molecular weight values confirmed this fact. Then target ions for all 

compounds were introduced as MS parameters for SIM mode operation. They were: 

203.1 for DINOT, 223.1 for ACET, 250.0 for CLOT, 253.0 for TIAC, 256.1 for IMIDA and 

292.0 for THIAM. One single channel was necessary to monitor all ions and they were 

identified in less than 35 min. Some background noise was observed but it would not 

intervene negatively in peaks identification, as demonstrated in the chromatograms 

already shown. A blank was previously injected and some undesirable peaks in the 

region 2-3 min were observed but they were easily disregarded, therefore the analytes 

would be clearly identified by their characteristic ions after fixing their monitoring times 

in the SIM settings. 

 

I I I .1.3.3. Analytical  characteristics of the method and intended use for 

milk samples 

 

The performance of the whole method was evaluated under the optimised 

adsorption-elution conditions using spiked milk samples. External calibration curves 

using peak areas were obtained by injecting 6 standard solutions in the 20-200 ng mL−1 

range. At least three replicates were analysed at each concentration level. Each solution 

contained the 6 neonicotinoid standards used in this work. Linear range, calibration 

equation and other figures of merit are summarised in Table III.1.2. Repeatability values 
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of peak areas and retention times were obtained by injecting a mixture containing 50 ng 

mL−1 of each standard (n =11). Repeatability values ranging from 1.3 to 8.3% and from 

0.1 to 0.3% were found for peak area and retention time, respectively. The 

intermediate precision of the sorbent material was also investigated in terms of batch-

to-batch series. Ten different batches were used to extract a standard mixture 

containing 50 ng mL−1 of each neonicotinoid insecticide. Because of 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 and LOQ 

calculations (Miller and Miller, 2005). The limits of detection and limits of quantification 

were estimated for signal-to- noise ratios of 3 and 10, respectively. As observed in Table 

III.1.2, the limits of detection and the limits of quantification ranged from 3.4 to 6.8 ng 

mL−1 and from 9.4 to 19.1 ng mL−1, respectively. 

 

Table I I I .1.2. Linear range, linearity curve and other figures of merit for the 

determination of neonicotinoid insecticides residues in bovine milk samples with the 

proposed IL-US-DMNCsME-LC-MS proposed method.* 

 

 

Decision 2002/657/EC (2002), to ensure both the quality and the correct 

interpretation of the analytical results attained by control official laboratories, 

introduces two new parameters, CCα (decision limit) and CCβ (detection capability), 

replacing the old concepts of LOD and LOQ. CCα means the limit at which it can be 

concluded with an error probability (α) of 5% whether a sample is compliant or not, 

while CCβ means the smallest content of the substance that may be detected, identified 

and/or quantified in a sample with an error probability (β) of 5%. As LOQs obtained 

were equal or lower than maximum residue limits established by European legislation, 

CCα values were calculated by spiking 20 blank milk samples within LOQ levels achieved 

for each insecticide with this method. The spiking level concentration plus 1.64 times 
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the standard deviation represents CCα. Then CCβ values were calculated by analysing 20 

blank samples spiked with the CCα levels calculated for each analyte. The concentration 

value of each CCα plus 1.64 times the standard deviation is equal to CCβ. In Table III.1.3 

there is a summary of the obtained CCα, CCβ and maximum residue limits (MRLs) 

established by European legislation for the target compounds. The detection capability 

of this method (CCβ) (0.02-0.06 mg kg-1) was equal to or lower than MRLs established by 

European legislation (0.02-0.2 mg kg-1) (EC 2002). 

 

Table I I I .1.3. Decision limit (CCα) and detection capability (CCβ) of the proposed IL-US-

DMNCsME-LC-MS method. 

 

 

 

The applicability of the method was evaluated in the analysis of neonicotinoid 

insecticides in milk samples purchased at different local markets. Several blanks were 

initially injected and, as expected, these samples were found to contain no 

neonicotinoids. Thus, milk samples were spiked with the 6 neonicotinoids at different 

concentration levels. The concentration of neonicotinoids in the spiked samples was 

calculated from the calibration equations. Figure III.1.4 shows the chromatograms 

obtained for spiked milk samples using the proposed method.  
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Figure I I I .1.4. LC-MS chromatogram establishing a comparison between the 

employment of magnetic nanoparticles (MNPs) and magnetic nanocellulose (MNC) in 

the extraction of neonicotinoids. Conditions: stationary phase Agilent TC-C18(2); mobile 

phase 80% formic acid 0.2% in water and 20% pure acetonitrile; flow rate 1000 μL min-

1; injection volume 20 μL; concentration of analytes 150 μg L-1. 

 

The recovery results obtained are summarised in Table III.1.4. As observed, 

recoveries ranged from 91.0 to 109.5%. 
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Table I I I .1.4. Recovery results of the determination of neonicotinoid insecticides 

residues in spiked bovine milk samples at different levels by employing the IL-US-

DMNCsME-LC-MS method. 

 

 

Analytical figures of merit of this work in relation to reported literature values 

are shown on a comparison table in supplemental material section (Table III.1.1S). This 

proposed method possesses an adequate dynamic range and LOQs like previous 

procedures, and are less time consuming as well (Seccia et al. 2008; Farajzadeh et al. 

2016; Vichapong et al. 2016a). 
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Table I I I .1.1S. Comparison of the proposed ionic liquid-magnetic nanocellulose 

method with reported methods for determination of neonicotinoid insecticides. 

 

 

 

In relation to other developed methodologies using only ionic liquid, the 

combination of ionic liquid and MNC is more advantageous in terms of sensitivity, with 

limits of detection in the region of single digit ng mL-1. Synergy existing between the 

ionic liquid and MNC favours the stability of this nanostructure and a more effective 

interaction with the analytes was achieved. In addition, the coupling of MS detection 

provides a selectivity enhancement, and SIM modality permits isolation of target ions 

once identified, therefore no interferences will overlay with the peaks of interest in the 

chromatogram. The extraction procedure is also advantageous when compared to solid 

phase extraction with conventional cartridges, previously applied in milk samples 

(Kamel et al. 2010). The use of ionic liquid avoids organic solvent consumption and 

magnetic extraction with MNC simplifies the procedure. 

The combination of ionic liquid with magnetic nanoparticles is even more recent 

and interesting reports have been described to date. Yang et al. (2018b) studied the 

extraction efficiency of magnetic-nanoparticle-coated carbon quantum dots and ionic 

liquid for bisphenols in water and milk samples. This combined sorbent, also known as 

ferrofluid, has been proven to preconcentrate target analytes in a wide linear range for 

analytical response, with low standard deviation and sensitivity in the region of 0.1 μg L-

1. Preparation of sorbent material took a shorter time (typically one day) than previous 

works and extraction was as simple as in the study herein reported by our group. 

Perhaps the main drawback, also found in a similar research conducted by Yang et al. 

(2018a), is the sample preparation. Milk items were treated in works by Yang et al. with 



Magnetic nanomaterials for sample preparation in analytical methods 

	

	

198 

the aim to minimise losses of phenolic compounds, the target analytes to be quantified 

by liquid chromatography with UV detection. That is why protein precipitation is 

required and sample handling becomes time-consuming, since several centrifugation 

steps are needed and all samples must be filtered before analysis. In our research, no 

prior sample treatment was necessary, since milk samples containing neonicotinoid 

insecticides were first diluted and directly extracted by ionic liquid-based ultrasound-

assisted dual magnetic nanocellulose prior to their separation and quantification by LC-

MS, obtaining good selectivity and sensitivity. 

 

I I I .1.4. CONCLUSIONS 

 

An analytical method consisting of ionic liquid-based ultrasound-assisted dual 

magnetic nanocellulose microextraction followed by liquid chromatography-mass 

spectrometry was developed for the selective and sensitive determination of 

neonicotinoid insecticides in milk samples. An ultrasound probe was used to accelerate 

the formation of the cloudy extraction mixture in a short period of time (5 min). 

Consumption of volatile organic solvents and sample preparation time were minimised 

with the use of this ionic liquid-MNC procedure, and there is no need for centrifugation, 

compared to conventional ionic liquid-based ultrasound-assisted dispersive liquid-liquid 

microextraction. The combination of MNC with ionic liquid is also more advantageous 

than other MSPE approaches. Electrostatic interaction favours a quick generation of the 

sorbent material, shortening adsorption times required with MNPs. Synthesis of MNC 

did not take longer than one day and neither complex systems nor high temperatures 

were needed to generate the desired material. A large amount of product could be 

obtained and no organic solvents were involved in this procedure. Phase separation can 

be easily carried out by applying an external magnetic field. In addition, better 

precision, sensitivity and recoveries were obtained using this method. The limits of 

quantification are equal or below MRLs established by European legislation (0.02-0.1 

mg kg-1) for milk samples. The proposed sorbent material and procedure for clean-up 

and preconcentration of these pesticide compounds can be expanded to other 

separation- detection alternatives and adapted to other different matrices. The use of 
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MNC in relation to simple MNPs clearly improves the overall recoveries, and it is a very 

appropriate sorbent material for the previous microextraction of the analytes, also 

favoured by the presence of the ionic liquid. This strategy is eco-friendly because 

cellulose is renewable, ionic liquid is not toxic and only a small volume of organic 

solvent (<1 mL) is needed for elution. 
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STRUCTURED ABSTRACT 

Aim: The preparation of magnetic multi-walled carbon nanotube poly(styrene-co-

divinylbenzene) for propranolol magnetic solid-phase extraction is described. 

Materials & methods: A study comparing propranolol adsorption and desorption 

was performed with only magnetic multi-walled carbon nanotubes and different 

polymer ratios with and without carbon nanotubes. Enantiomeric separation of 

propranolol took place by cyclodextrin-modified capillary-electrophoresis and the 

method was validated in spiked human urine samples. Results:  Enrichment factors 

increased up to ~100, detection limits were 13.8 and 10.5 ng ml-1 for R- and S-

propranolol respectively, quantitation limits were 46.0 and 34.8 ng ml-1 for R- and S-

propranolol respectively. Conclusion: This methodology was proven to be more 

effective than classical solid-phase extraction strategies and may be applied to other 

kind of biological samples. 

 

KEYWORDS: enantioselective separation, magnetic extraction, magnetic multi-walled 

carbon nanotubes, poly(styrene-co-divinylbenzene), propranolol. 
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I I I .2.1. INTRODUCTION 

 

Propranolol ([1-(isopropylamino)-3-(1-naphthyloxy)-2-propranol]) is an optically 

active β-blocker prescribed for treating certain types of cardiovascular disorders [1]. As 

a β-adrenergic blocking agent, it acts as a competitive catecholamines inhibitor at β-

adrenergic receptor sites, hence it is frequently used in therapies due to its 

antiangorous, antiarrhythmic and antihypertensive features. Additionally, its use as a 

doping agent is generalised in sport and other stressing activities [2]. The mechanism of 

action of propranolol is not fully clear, but several approaches have been made to 

predict how it lowers blood pressure: reduction of cardiac output, inhibition of renin 

release, reduction of sympathetic outflow in the brain, disruption of catecholamines 

release, restoration of vascular relaxation and reduction in tyrosine hydroxylase activity 

amongst the hypotheses suggested [3]. However, pharmacological studies have 

previously proven that (S)-propranolol is around 100 times more active than (R)-

propranolol [4]. The main disadvantage of β-blockers is associated with their toxic 

features since therapeutic range of most of these drugs is narrow, the difference 

between the lowest therapeutic and the highest tolerable doses being small, therefore 

it is necessary to develop a sensitive analytical method for its determination [5] down to 

detection limits in the region of μg L-1. Propranolol has been subject of study over last 

decades and there are many works dealing with its analytical determination by 

techniques namely HPLC with MS/MS detection for quantitation at ng L-1 levels for the 

racemic drug [6] or simple UV detection for qualitative purposes [7], but the most 

widespread technique is by far capillary electrophoresis, which has been used because 

of its excellent features, such as easy automation, short time analysis, low sample and 

buffer consumption [8]. However, detection at lower concentrations may be more 

difficult than HPLC [9] and some sort of sample treatment is usually required prior to 

injection. Hitherto, several CE-based approaches have been developed for 

enantioselective separation of (R)- and (S)-propranolol, them all employing chiral agents 

such as proteins [10-16] but, in recent years, cyclodextrins have become one of the 

most useful chiral selectors when it comes to separate optically active drugs. 

Cyclodextrins are chemicals consisting of cyclic oligosaccharides based on units of (D)-
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glucopyranose linked by x-(1,4) bonds. They show inclusion properties of interest, both 

as solids and contained in aqueous solutions. The formation of molecular inclusion 

complexes takes place into the cavity of the cyclodextrin, chemical composition and 

geometry being the key factors for the selectivity of the inclusion process [17]. The 

inner part of the cavity is hydrophobic and the rim of the cavity, with hydroxyl groups, is 

hydrophilic [18]. CDs have been successfully used in analytical chemistry for selectivity 

improvement of the separation of both positional and geometrical isomers, as well as 

enantiomers [19]. β-cyclodextrin (from now on β-CD) has been proven to be more 

effective when forming molecular inclusion complexes and this interaction takes place 

to a greater extent than α-cyclodextrin both with and without modifications [20], and in 

particular 2-hydroxypropyl-β-cyclodextrin (from now on HP-β-CD) has been chosen in 

several works as the optimal chiral selector for carrying out enantioselective separation 

of (S)- and (R)-propranolol [21-26]. HP-β-CD exhibits better solubility in water than β-

CD. The solubility of the latter has been reported to be 1.85 g /100 ml of water at 25ºC 

in literature [27], and even β-CD has also been proven to interact to a lesser extent with 

the enantiomers of propranolol. 

Typically, sample cleaning procedures [28-30] are usually required to remove 

the interfering compounds within the biological matrix and to pre-concentrate the 

analyte. Conventional liquid-liquid extraction is demanding, time-consuming, and it 

usually requires remarkable amounts of solvents which are potentially toxic. Likewise, 

traditional solid phase extraction (SPE) sorbents are universally employed for sample 

treatment as of their high separation capacity and rapid extraction dynamics, though 

poor analyte recoveries, inadequate cleanup or lack of reproducibility can be detected. 

However, the appearance of a sorbent developed by co-polymerisation of styrene and 

divinylbenzene (e.g. the manufactured cartridge Strata-X®, from Phenomenex®) has 

been aimed at eliminating these common bottlenecks associated to the use of 

traditional SPE sorbents. Besides, the co-polymerisation of divinylbenzene and styrene 

by using diverse polymerisation techniques has been broadly studied [31]. This 

commercial cartridge containing a styrene-co-divinylbenzene polymer represents a 

good sorbent for propranolol [32], given it strongly retains neutral compounds, acids or 

bases under strong, high organic washing conditions based on π-π bonding, dipole-
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dipole interactions (hydrogen bonding) and hydrophobic interactions as retention 

mechanisms. Carbon nanotubes (CNTs) [33] and, in particular, multi-walled carbon 

nanotubes (MWCNTs) [34] have a great potential as SPE sorbent for propranolol given 

they are hydrophobic, their specific surface area is large and they are chemically stable 

[35]. These materials are usually applied in cartridge or column mode, normally leading 

to tedious packing procedures, high backpressure and low flow rates. To circumvent 

those drawbacks, the introduction of CNTs in conjunction with poly(styrene-co-

divinylbenzene) in magnetic solid phase extraction is a feasible alternative. 

Experimental procedure is easy and the phases can be separated by application of an 

outer magnetic field. In addition, it is feasible to recycle and reuse the magnetic NPs.  

Magnetic MWCNTs composites have been previously prepared [36], and the in-

situ decomposition of [iron(III)] as a precursor at high temperature with the addition 

MWCNTs suspended in ethylene glycol is promising for large-scale synthesis. Despite a 

high temperature being required in this synthesis for an efficient Fe3O4 decoration 

MWCNTs with NPs, selectivity and sensitivity of this reaction have been proven. 

Besides, there is no need of modifying MWCNTs, and both density and size of the 

magnetic nanoparticles (MNPs) coating can be fit by amending the ratio of the 

precursor MWCNT/magnetite, as well as temperature and synthesis time. Poly(styrene-

co-divinylbenzene)-coated magnetic composite may be prepared by either mechanical 

or chemical methods, either with a high-speed-stirred mixer or a high-shear mill [37]. 

Considering these precedents, and given there is no previous research on the 

application of the highly MMWCNT-poly(STY-DVB) composite for the extraction of 

propranolol in urine, the advantages of the solvothermal approach are exploited in this 

work. This procedure is used for decorating poly(styrene-co-divinylbenzene) and 

MWCNTs with MNPs to synthesise magnetic hybrid nanoparticles to develop an 

improved extraction approach of propranolol from human urine. Additionally, a novel 

capillary-electrophoresis-based methodology was developed for its enantioselective 

separation and quantification. 
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I I I .2.2. EXPERIMENTAL 

 

I I I .2.2.1. Chemicals,  reagents and samples 

 

All analytical standards were of the highest purity. (±)-Propranolol 

hydrochloride, (R)-propranolol hydrochloride and (S)-propranolol hydrochloride were 

obtained from Sigma Aldrich (St. Louis, MO, USA), as well as β-CD, HP-β-CD, 2,2-

azobisisobutyronitrile (AIBN), styrene, divinylbenzene, iron (III) chloride hexahydrate, 

sodium acetate and ethylene glycol and sodium hydroxide pellets (SigmaUltra, 

minimum 98%). Ammonium acetate (Bioxtra, >98%) was purchased from Sigma Aldrich. 

Stock solutions of (R)- and (S)-propranolol were prepared at 1000 mg L-1 by dissolving 

an adequate amount of them in pure water, and all dilutions were prepared in HCl 0.1 

M, stored at 4ºC and covered with aluminum paper to prevent them from light. 

Hydrochloric acid, acetonitrile and methanol were the analytical-grade solvents used. A 

Milli-Q purification system (Millipore, Bedford, MA, USA) was the source of deionised 

water on a daily basis. Free-drug urine samples were collected from healthy volunteers 

for being kept at room temperature prior to their analysis both as blank or spiked with 

known concentrations of the propranolol enantiomers. 

 

I I I .2.2.2. Instrumentation 

 

The oven used for preparation of MMWCNT was from Hewlett Packard 5890, 

Series II gas chromatograph (Bothell, WA, USA). For infrared spectrum measurement a 

FT-IR spectroscopy, model FT/IR 4200 (Jasco, Japan) was utilised. Raman spectra were 

acquired with a portable Raman Spectrometer system (B&W TEK Inc., DE, USA), 

operating at 785 nm and a maximum laser output power at system’s excitation port of 

348 mW and 285 mW in the probe. The output laser power in the probe was fixed to 

the total percentage without any damage. For measurements, the laser beam was 

focused to the sample through a 100/1.25 objective. Raman spectra were gathered by a 

CCD array detector cooled at 10ºC with an acquisition time ranging from 5 to 65.5 ms. 

TEM images were gathered with a Jeol JEM 2011 microscope operating at 200 kV and 
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an Orius Digital Camera (2×2 MegaPixel) from Gatan (Pleasanton, CA, USA). 

Electrophoretic analyses were carried out at room temperature (20ºC) on a CE 

instrument (Agilent G1600AX, Palo Alto, CA, USA) and diode array detection. An 

uncoated fused silica capillary (65 cm x 75 μm id) (Beckman, Fullerton, CA) was used. 

The CE-DAD instrument was managed by means of Rev.B.04.03-SP2 3D-CE/MSD 

ChemStation software (Agilent Technologies). Spectroscopic properties were obtained 

on a Secoman spectrometer. 

 

I I I .2.2.3. Preparation of magnetic multi-walled carbon nanotubes 

 

MMWCNT was prepared by in situ decomposition at high temperature of 

[iron(III)] as a magnetic precursor and MWCNTs, according to the previously described 

procedure [36] with slight amendments and with no octadecyltrichlorosilane. This 

synthesis consists of the mixture of 140 mg of FeCl3.6H2O and 40 mg of MWCNTs, then 

suspended in 7.5 ml of ethylene glycol placed in a small vial. 0.36 g of sodium acetate 

was then mixed in and the solution was stirred, sonicated for 10 minutes and then 

allowed to stand at room temperature for 1 hour. Subsequently, it was necessary to 

heat the vial at 200°C for 48 h to end up the reaction. It was cooled down at room 

temperature and the material obtained was washed with 10 ml of distilled water for 5 

times. The MMWCNTs were eventually separated with the use of a magnet, and 

nanoparticles collected were dried at 80°C and stored. 

 

I I I .2.2.4. Preparation of poly(styrene-co-divinylbenzene) (poly(STY-DVB) 

and poly(styrene-co-divinylbenzene)-coated magnetic multi-walled 

carbon nanotube composite (poly(STY-DVB)-MMWCNT) and extraction 

procedure 

 

Three non-magnetic (P1, P2, P3) and three magnetic polymers (MP1, MP2, MP3) 

were synthesised by preparation of diverse polymerisation mixtures (Table III.2.1) 

containing divinylbenzene (DVB), styrene (STY), magnetic multi-walled carbon 

nanotubes, acetonitrile and AIBN at 70°C for 24 h.  
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Table I I I .2.1. Composition of polymerization mixtures assayed for the methodology 

developed. 

 

 

The mixture was sonicated for 5 min, purged with N2 for 10 min and then closed. 

The resulting product was then collected, washed several times with water together 

with mechanical agitation and dried in a vacuum desiccator for 24 h. 500 mg of the MP1 

was placed into a conical flask, conditioned with (2x1) ml of methanol and then with 

deionised water. The supernatant was then separated with a magnet, discarded, and 50 

ml of standard solutions of the analytes or spiked urine samples were added into the 

conical flask. The mixture was stirred for 5 min at room temperature to favour a 

homogenous dispersion and the magnetic polymer containing the adsorbed propranolol 

enantiomers was quickly removed from this solution by applying a strong magnetic field 

so that the supernatant was discarded. The magnetic polymer was then washed with 5 

ml of deionised water, and the propranolol enantiomers were eluted by rinsing with 2.0 

ml of methanol, and the eluent dried under nitrogen stream at room temperature. This 

residue was finally reconstituted in 0.5 ml of HCl 0.1 M and the resulting extract was 

injected into the CE system. 

 

I I I .2.2.5. CE-DAD conditions 

 

Propranolol enantiomers were separated and detected by capillary 

electrophoresis-diode array detection (CE-DAD). Before use for analyses, the capillary 

was conditioned on a daily basis by several washing steps. The capillary was 

reconditioned between runs by rinsing with 0.1 M NaOH for 1 min, water for 1 min and 

running electrolyte for 5 min, all these steps performed at 2 bar since a high flush 

pressure was needed. The background electrolyte consisted of 8 mM HP-β-CD and 80 

mM ammonium acetate at pH 3.5 [20]. The analytes were introduced through the 
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capillary by applying a pressure of 50 mbar for 5 s (roughly 4 nL as stated in the 

Poiseuille equation). CE temperature and voltage were fixed at 20ºC and 15 kV, 

respectively, and detection wavelengths were set at 210 nm and 285 nm (450 nm as 

reference). 

 

I I I .2.3. RESULTS AND DISCUSSION 

 

Firstly, this electrophoresis-based method had to be optimised with the aim of 

separating and quantifying the standards of propranolol enantiomers, and then the 

magnetic solid phase extraction (MSPE) procedure utilising MMWCNT-poly(STY-DVB) 

was designed and optimised to extract the propranolol enantiomers from urine 

samples. 

 

I I I .2.3.1. Optimisation of CE-DAD conditions 

 

The standard solutions of (R)- and (S)-propranolol were analysed by CE with 

conventional UV detection, first separately and then in a mixture of them both, for their 

identification based on their migration times. Beforehand, UV spectra were gathered 

for (R)- and (S)-propranolol and their absorption maximum was found to be at 210 nm 

with another important band at 285 nm. Both enantiomers showed the same 

absorption and these data were gathered just for fixing the wavelengths, and migration 

times had to be identified after individual injections of them separately, not by injecting 

the racemic drug as shown. They were identified in less than 40 min on average, and no 

strategy was followed to reduce it as the methodology was not aimed at shortening 

time analysis. This enantioselective separation occurs by an inclusion complex between 

HP-β-CD and propranolol enantiomers separately. In general, complexation is governed 

by conformational energy, either dipole-dipole or ion-dipole interactions, hydrophobic 

interactions, hydrogen bonds and van der Waals interactions [38]. The isopropylamine 

and naphthyl groups of propranolol can interact with the cyclodextrin cavity. The 

nearness of its chiral centre favours the interaction with the rim of the cyclodextrin 

cavity. Inclusion process with HP-β-CD is less difficult due to the smaller association 
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constant as this cyclodextrin has a larger substitution degree than α-CD or β-CD. This 

might be related to the steric hindrance by the high abundance of hydroxypropyl 

groups. In the L-propranolol complex with HP-β-CD the position of the secondary amine 

is less favourable for promoting hydrogen bonding between hydroxyl groups located in 

positions 2- and 3- of the cyclodextrin. This fact might delimit differences in migration 

times for the D-enantiomer with respect to L-propranolol. 

Variables involved in CE-DAD analyses were also optimised, the most relevant 

being buffer composition and pH, separation voltage and absorption wavelengths. 

Buffer composition and pH were tested as already described in literature [20] with 

some modifications. β-cyclodextrin (β-CD) was first assayed as the chiral selector at 8 

mM, but resolution between propranolol enantiomers was not successful as they would 

not be separated. Furthermore, β-CD was demonstrated to be extremely hard to 

dissolve in water due to its low solubility product in water, as stated in the introduction, 

and it was eventually rejected. Afterwards, (2-hydroxypropyl)-β-cyclodextrin (HP-β-CD) 

was tested at the same concentration and separation was successfully achieved, 

therefore this cyclodextrin was chosen as the chiral selector in the buffer. Buffer pH was 

one of the most critical factors to enhance separation between peaks corresponding to 

both enantiomers, and it was assayed in the range 2.0-5.0 as at these values the 

velocity of electroosmotic flow decreases. pH = 3.5 was found to be the most adequate 

for achieving full resolution. It was also necessary to optimise the voltage to be applied 

for separation. Several experiences were conducted to achieve the optimal separation 

by application of diverse voltage values from 12 to 20 kV under the aforementioned 

conditions. Voltage and migration time are proportional and the former has an 

influence on resolution. At higher voltages, migration time was reduced but resolution 

was worse because of the faster flow of the analytes through the capillary. According to 

experiments performed in the voltage range specified, 15 kV was eventually chosen as 

optimal since it was possible to achieve a compromise balancing separation efficiency 

and migration time. Hydrodynamic injection was selected as it provided more 

reproducibility than electrokinetic injection [39]. Both injection time (5-20 s) and 

pressure were also analysed. There was a sensitivity increase with a higher injection 

time, whereas (R)- and (S)-propranolol did not separate at times higher than 5 s and, 
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therefore, an injection time of 5 s was accepted. Injection pressure values from 20 to 50 

mbar were assayed, and a pressure of 50 mbar was selected as of the best sensitivities 

observed. The optimal values for all parameters involved in the separation and 

detection of (R)- and (S)-propranolol are summarised on Table III.2.2, including both 

variables assayed in certain ranges and the ones already followed from reference 

works.  

 

Table I I I .2.2. Optimised operating conditions for enantioselective separation and 

detection of (R)- and (S)-propranolol by capillary electrophoresis-diode array detection. 

 

 

Once all these conditions were fixed, the same procedure was followed in all 

cases with the aim to extract and then separate the enantiomers by means of CE-DAD 

analyses, and eventually conduct subsequent experiments to assess the analytical 

performance of this new methodology in urine samples in terms of recovery, 

repeatability and both detection and quantification limits. 

 

I I I .2.3.2. Characterisation of MMWCNTs, poly(STY-DVB) and poly(STY-

DVB)-MMWCNT sorbents 

 

The nanoparticles were demonstrated to be stable and they exhibited an 

excellent retained adsorption. In addition, their magnetic features did not even decay 

after 10 uses for performing first adsorption and then desorption steps of propranolol 

enantiomers. The synthetised material was characterised by Fourier transform infrared 

(FT-IR) analysis (Figure III.2.1A), Raman spectroscopy and TEM. Regarding FT-IR spectra, 

the characteristic peaks of aromatic (C=C) bonding and alkyl (C-H) stretches observed at 

1700 and 2800 cm-1 were derived from the poly(STY-DVB), whilst peaks at 3085 cm-1 

belong to the aromatic (C=C) stretching, as well as the broad band at 3400 cm-1 is 
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indicative of the presence of hydroxyl (-OH) groups on nanoparticles surface. Likewise, 

the appearance of the characteristic peaks of MMWCNT-poly(STY-DVB) agreed with 

those observed in poly(STY-DVB) and MMWCNT, thus confirming the correct 

attachment of MMWCNT into the poly(STY-DVB). For further confirmation of the 

presence of MMWCNTs in MMWCNT-poly(STY-DVB) polymer, Raman spectroscopy was 

utilised (Figure III.2.1B). Common peaks given by D band and G band at 1351 and 1588 

cm-1 for MWCNT were evident in the prepared MMWCNT-poly(STY-DVB) polymer. 

 

 

Figure I I I .2.1. FT-IR and Raman spectra of sorbent materials used for extraction. FT-IR 

(A) and Raman spectra (B) of MMWCNT, poly(STY-DVB) and MMWCNTs- poly(STY-DVB). 

 

To confirm the effectiveness of MMWCNT, poly(STY-DVB) and MMWCNT-

poly(STY-DVB) production, these materials were characterised by TEM (Figure III.2.2). It 

was possible to spot some differences, as the micrographs for the MMWCNTs show 

how nano-spheres are formed and the attachment of the magnetic nanoparticles onto 

the surface of the nanotubes (Figure III.2.2A), whereas the formation of spherical 

particles of poly(STY-DVB) can also be observed (Figure III.2.2B). Finally, the MMWCNT-

poly(STY-DVB) composite material formed was also obtained (Figure III.2.2C). MWCNTs 

overall structure suffered no change when in-situ decoration was performed. 
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Figure I I I .2.2. TEM micrographs of sorbent materials used for extraction. Micrographs 

obtained by TEM of magnetic nanoparticles attached onto nanotubes surfaces (A), 

spherical poly(STY-DVB) particles (B) and magnetic multi-walled carbon nanotubes-

poly(styrene-co-divinylbenzene) composite material (C). 

 

I I I .2.3.3. Absorption experiments of propranolol by MMWCNTs, poly(STY-

DVB) and poly(STY-DVB)-MMWCNT 

 

The objective of this work is to develop a magnetic adsorbent material for 

extraction of propranolol from urine samples, the new modality of SPE is addressed to 

simplifying sample treatment step. This magnetic sorbent can be easily collected by an 

external magnetic field and time-consuming column/cartridge passing and filtration 

steps during the extraction can be eliminated. In Figure III.2.3, we compared the 

absorptive abilities of magnetic sorbents (MMWCNT and MPs). Extraction by polymers 

(P1, P2 and P3) packed in cartridge were assayed just in order to demonstrate that the 

recoveries of extraction of propranolol enantiomers are improved when the MMWCNTs 

were incorporated to the polymers.  
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Figure I I I .2.3. Evaluation of sorption capacity of MMWCNT, P1, P2, P3, MP1, MP2 and 

MP3 sorbents. 

 

The evaluation of the capacity of MMWCNT, P1, P2, P3, MP1, MP2 and MP3 

sorbents to extract propranolol was performed in 0.1M HCl. In brief, 500 mg of each 

sorbent was mixed with 10 ml of propranolol at a concentration of 10 µg ml-1 in 0.1 M 

HCl. Incubation time was maximised to 24 hours at room temperature in order to 

ensure the maximum adsorption of the analytes onto these different prepared 

sorbents. Once the better sorbent was chosen, the contact time between the material 

and the analytes was optimised later. Absorption rate of propranolol on MMWCNT and 

polymers was then calculated after separation and analysis of the supernatant by CE. 

Extraction recoveries ranging from 45 to 65% were obtained on the performance of the 

native poly(STY-DVB), which demonstrates a remarkable adsorption efficiency when 

using polymer P1 (Figure III.2.3). This phenomenon is explained by strong hydrophobic, 

π–π, and hydrogen bonding interactions between propranolol and the polymer. When 

MMWCNTs were used for the synthesis of the polymer P1, the recoveries increased 

from 65% to 92% (Figure III.2.3). This improvement is a consequence of the adsorption 

of propranolol, onto the surface of the MMWCNTs nanocomposite. It is recognised the 

presence of carboxyl and hydroxyl groups on the surface of oxidised MMWCNTs, make 
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the surface charges negative, and this favoured adsorption mechanisms, namely 

electrostatic, hydrophilic/hydrophobic interactions and hydrogen bonds. It is also 

known that propranolol gets adsorbed onto the MWCNTs surface through π–π 

interactions (aromatic ring) or by interaction throughout the amino group (Nitrogen 

lone pair :N, or the hydrogen of NH) [33]. Therefore, the magnetic polymer (MP1) was 

selected for the next experiments and this means an alternative approach to Strata-X®, 

an extensively used commercial cartridge for conventional solid-phase extraction. The 

synthesis of the new material avoids purchasing costs for the aforementioned cartridge 

and it permits a customised obtention of co-polymer by slightly amending the 

proportions of each component, depending on the type of analytes to be studied. 

 

I I I .2.3.4. Optimisation of extraction parameters 

 

Different parameters intervening in extraction performance (i.e. pH, sample 

volume, adsorption time, elution solvent and sorbent mass) were optimised analysing 1 

µg ml-1 standard solution of propranolol.  

The influence of pH was studied in a 1-12 range, with a maximum of adsorption 

of the analytes onto the poly(STY-DVB)-MMWCNT at a pH 1. Then, the effect of the 

adsorption time was assayed between 1 and 30 min, but just 5 min was enough to 

achieve maximum recoveries. 

Additionally, the optimisation of desorption conditions using diverse organic 

solvents (methanol, ethanol and acetone) was carried out using 500 mg of sorbent and 

50 ml of a 1 μg ml-1 propranolol standard solution of the analytes at pH 1. The solvents 

eluted the propranolol, though a higher desorption was found for methanol, and it was 

therefore selected for the rest of the experiments. Additionally, the minimum solvent 

volume needed for an efficient elution of the adsorbed propranolol was optimised. 

After testing a 1-5 ml range the best results were obtained when 2.0 ml was used. Thus, 

methanol (2×1 ml) under 5 min of agitation was utilised for the analytes desorption. 

Under these conditions, the whole extraction procedure can be completed in 10 min. 

Eventually, the amount of poly(STY-DVB)-MMWCNT sorbent for the quantitative 

extraction of the propranolol was optimised. Thus, different amounts ranging from 100 
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to 1000 mg were assayed to extract propranolol from a 50-ml standard solution (1 μg 

ml-1 at pH 1). Recoveries improved with an increase of poly(STY-DVB)-MMWCNT up to 

500 mg, whereas no further improvement was observed with more than 500 mg. After 

every single extraction, the sorbent was reconditioned by rinsing with methanol, and it 

was also confirmed that the material would be re-used at least ten times with no risk of 

losing efficiency. 

 

I I I .2.3.5. Enantioselective separation and detection of (R)-  and (S)-

propranolol in urine samples 

 

Propranolol enantiomers were adequately separated and quantified in less than 

35 min (Figure III.2.4A). The method was evaluated considering a hydrodynamic sample 

injection of 5 s (Table III.2.2). External calibration curves based on peak areas were built 

by injection of three replicates of the standards previously preconcentrated using the 

poly(STY-DVB)-MMWCNT. Detection and quantification limits were calculated for both 

(R)- and (S)-propranolol. The former is defined as the analyte concentration providing a 

signal equivalent to the blank signal plus three times its standard deviation, whereas the 

latter is defined as the analyte concentration providing a signal value equivalent to the 

blank signal plus ten times its standard deviation. In this particular case, both 

background and blank signal coincided and this meant that intercept values, together 

with their standard deviation calculated from the equations, could be taken for LOD 

estimations. Hence, LOD values for this method were in the region of 0.0105-0.0138 μg 

ml-1. The LOQs obtained were in the region of 34.8-46.0 ng ml-1. Table III.2.3 

summarises all data for analytical performance of this methodology.  

 

Table I I I .2.3. Calibration data and validation parameters obtained for the developed 

methodology. 
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In relation to other methodologies based on carbon nanotubes as sorbent 

material [33], this new extraction method achieves lower detection limits, in the region 

of μg ml-1 following the aforementioned procedure, which is simple and capable of 

providing high recovery values. The low solvent consumption, especially when it comes 

to organic species (methanol, ethanol, acetone), is another important feature of this 

methodology. In addition, utilisation of capillary electrophoresis as a separation 

technique is more advantageous in comparison to liquid chromatography. 

Electroosmotic flow (EOF) has a flat profile because its driving force (i.e. charge on the 

capillary wall) is uniformly distributed along the capillary, which means that no pressure 

drops are encountered and the low velocity is uniform across the capillary. The flat 

profile of EOF minimizes zone broadening, leading to high separation efficiencies that 

allow separations on the basis of mobility differences as small as 0.05%. By contrast, in 

LC the frictional forces at the column walls cause a pressure drop across the column 

and yield a parabolic or laminar flow profile. Furthermore, in LC a high pressure pump is 

required, whereas in CE such high pressure values can be avoided. 

The applicability of the proposed method was then tested on human urine 

samples. First, 50 ml of blank urine samples at a pH 1 were first filtered and then 

injected with no further treatment into the CE system. The electropherogram obtained 

is not shown here, as current was cut 10 s after injection and no separation of the 

analytes were obtained due to the presence of major interferences. The experiment 

was then aborted and the capillary was conditioned for the next run. Nevertheless, 

when samples extraction took place as reported in the experimental section, that is to 

say, after applying magnetic solid-phase extraction and performing washing steps, a 

baseline with some minor interferences were observed (Figure III.2.4B). As expected, no 

propranolol signal was obtained in the analysed samples. Consequently, these samples 

were spiked with diverse amounts of the propranolol enantiomers and then the 

analytes were quantified by the developed CE-based method (Figure III.2.4C).  
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Figure I I I .2.4. Electropherograms of R- and S-propranolol under the optimal capillary 

electrophoresis conditions. Electropherogram of a 1 μg ml−1 standard solution of the R- 

and S- propranolol analyzed (A), blank urine sample (B) and (C) urine spiked with 0.050 

μg ml−1 of each propranolol enantiomer. Conditions: capillary (65 cm length × 75 μm 

i.d.); capillary temperature 20ºC; hydrodynamic injection of 5 s; applied voltage 15 kV; 

buffer 80 mM NH4AC with 8 mM HP-β-CD at pH 3.5; detection at 210 nm. Peak 

identification: 1: R-propranolol, 2: S-propranolol. 

 

The recovery values obtained for every single sample after spiking at those 

concentration levels of propranolol enantiomers are shown in Table III.2.4. These 

values, estimated from the measured values versus the added amounts, ranged from 

90.9% to 109.0%.  
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Table I I I .2.4. Recovery values for human urine samples spiked with different 

concentration levels of the propranolol enantiomers. 

 

 

Several reports dealing with quantification of propranolol have been carried out, 

but this is the first time that poly(STY-DVB)-MMWCNT is used for extraction of 

propranolol enantiomers prior to their determination by CE. The proposed method is 

more advantageous than other approaches already described in literature, such as 

those based on simple dilution of urine samples [40], liquid-liquid extraction (LLE) [41] 

or conventional solid phase extraction SPE by C18 [4]. Typically, this kind of methods are 

time-consuming, since they involve intermediate steps namely filtration or 

centrifugation, but the proposed methodology avoids those steps and extraction is 

quicker. In addition, solvent consumption is very low and linear range obtained for 

calibration is wider. As seen in Table III.2.S1 (Supplementary Material), this new method 

provided better LODs and LOQs and the extraction procedure was easier by means of a 

magnetic field. In addition, cost-efectiveness was optimal.  

 

Table I I I .2.S1. Comparison of the proposed poly(STY-DVB)-MMWCNT method with 

the dilution, LLE and SPE by C18 [40,41,4] for determination of propanolol enantiomers. 
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The proposed methodology has been proven to be reliable for preconcentration 

and quantification of propranolol in spiked samples, because of the excellent analytical 

figures of merit obtained. Positive samples were not analysed in this work because of 

two main reasons. Firstly, urine samples from patients being treated with propranolol 

were not feasible to be obtained. Secondly, the main goal was demonstrating the 

suitability of the new sorbent material for propranolol extraction in relation to 

conventional solid-phase extraction approaches. Once this objective is achieved, a 

further step to be given is the application of this methodology to positive urine samples 

and other type of matrix such as blood and plasma. 

 

I I I .2.4. CONCLUSIONS 

 

A composite based on MMWCNT-poly(STY-DVB) was synthesised and 

successfully implemented for extraction of propranolol enantiomers from human urine 

and subsequent analysis by CE-DAD. This sample treatment shows several advantages in 

relation to traditional SPE strategies [32]. Introduction of MMWCNT means an 

important step forward as a new modality of SPE, as the appearance of magnetic 

separation approach is aimed at simplifying sample treatment step. There is no need to 

pack the sorbent into the cartridge, an external magnetic field is enough to separate the 

phases and the composite was proven to be stable and selective. Besides, higher 

precision, sensitivity and recovery values were obtained. However, sample handling, 

separation and detection were performed in an off-line mode. Consequently, a step 

forward to be given might be the introduction of an on-line approach for the use of 

MMWCNT and its integration with more sensitive detectors (e.g. MS and MS/MS), 

hence the applicability of the method might be extended to other sorts of clinical and 

biological samples. 
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FUTURE PERSPECTIVE 

 

The synthesis of this composite is promising for extraction purposes and not 

only for drugs such as propranolol or other sort of medicines, but for a wide range of 

chemicals prone to interact with this sorbent material. The main advantage of the 

synthesis described in this work is the possibility to modify the proportion of the two 

principal components with the aim of obtaining the desired polymer, according to the 

analytes features, and yield values after performing extraction can be increased to a 

greater extent than conventional solid-phase extraction methodologies. Besides, 

expenses derived from purchase of commercial cartridges are minimised, given the 

reagents needed for this synthesis procedure are easily available and their consumption 

is very low, and it is possible to monitor the production of the co-polymer by controlling 

reaction’s conditions. 

 

SUMMARY POINTS 

 

Aim 

 

• A novel procedure is described for decorating poly(styrene-co-divinylbenzene) 

and magnetic multi-walled carbon nanotubes to synthesise magnetic hybrid 

nanoparticles. 

 

Experimental 

 

• Three non-magnetic and three magnetic polymer were synthesised by 

preparation of diverse polymerisation mixtures with divinylbenzene, styrene and 

magnetic multi-walled carbon nanotubes. 

• The magnetic polymer was chosen for an improved extraction approach of 

propranolol enantiomers. 
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• Propranolol enantiomers were separated and detected by capillary 

electrophoresis-diode array detection with (2-hydroxypropyl)-β-cyclodextrin as a 

chiral selector in the electrolyte. 

 

Results & discusion 

 

• The nanoparticles were demonstrated to be stable and they exhibited an 

excellent retained adsorption, and magnetic features did not even decay after 

10 uses. 

• The composite was successfully implemented for extraction of propranolol 

enantiomers from human urine with high yield values. 

 

Conclusions 

 

• Magnetic multi-walled carbon nanotubes mean an important step forward as a 

new modality of solid-phase extraction, since magnetic separation is aimed at 

simplifying sample treatment step. 

• The applicability of the method might be extended to other sorts of clinical and 

biological samples. 
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5  Bai X, You T, Sun H, Yang X, Wang E. Determination of Propranolol by Capillary 

Electrophoresis with End-Column Amperometric Detection. Electroanalysis 12(7), 

535-537 (2000). 

• It was necessary to develop a capillary-electrophoresis-based methodology to 

achieve lower detection limits for propranolol. 

 

8 Ding YS, Zhu XF, Lin BC. Capillary Electrophoresis Study of Human Serum Albumin 

Binding to Basic Drugs. Chromatographia 49(5/6), 343-346 (1999). 

* Capillary electrophoresis began meaning an alternative to chromatographic 

methods, which spend too much solvent volume. 

 

20 Tabani H, Fakhari AR, Shahsavani A, Alibabaou HG. Electrically Assisted Liquid-

Phase Microextraction Combined With Capillary Electrophoresis for Quantification 

of Propranolol Enantiomers in Human Body Fluids. Chirality 26, 260-267 (2014). 

** The separation method described in this work set the example for the approach 

followed herein. 

 

31 Shim SE, Yang S, Jin MJ, Chang YH, Choe S. Effect of the polymerization 

parameters on the morphology and spherical particle size of poly(styrene-co-

divinylbenzene) prepared by precipitation polymerization. Colloid Polym. Sci. 283, 

41-48 (2004). 

** The synthesis procedure detailed in this article was the main reference to develop 

the different co-polymer preparations. 

 

34 Farhadi K, Firuzi M, Hatami M. Stir bar sorptive extraction of propranolol from 

plasma samples using a steel pin coated with a polyaniline and multiwall carbon 

nanotube composite. Microchim. Acta 182, 323-330 (2015). 

* Multi-walled carbon nanotubes were successfully used as a component of a 

sorbent material capable of extracting propranolol from biological samples. 



 Magnetic nanomaterials for sample preparation in analytical methods 

	

	

236 
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he aim of this chapter is to give a step forward when it comes to direct 

analysis of nanoparticles, since the knowledge about the presence of 

nanoparticles in the composition of so many products of daily use is still 

limited, whereas social concern for these new and unexpected ingredients 

is increasing. This is the reason why there is need for developing reliable analytical 

methodologies addressed to provide clear information about nanoparticles and 

nanooxides proportion in real items. Sensitivity is a crucial parameter to be optimised, 

since the amount in which these compounds are added is normally small, therefore 

conventional separation techniques may not be enough for this purpose and it is 

desirable to employ elemental analysis and powerful detectors for screening and 

confirmation of nanoparticles, especially if there is an homogeneous size distribution of 

them. 

Thus the content of titanium dioxide nanoparticles in complex matrices, namely 

cosmetics, food items and food supplements was determined by inductively-coupled 

plasma-mass spectrometry and complementary techniques such as capillary 

electrophoresis or dynamic light scattering served as confirmatory methods. 
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ABSTRACT 

A new nanometrological approach was developed for screening of titania nanoparticles 

by capillary electrophoresis after adsorption onto a target analyte namely L-cysteine in 

a sodium phosphate buffer, followed by titanium elemental analysis by means of 

inductively-coupled plasma-mass spectrometry and size distribution measurements by 

single-particle mode. This analytical strategy involved a first screening of nanotitania in 

actual samples by electrophoresis, sensitivity being enhanced by cysteine which acts as 

a nanoparticles stabiliser. Detection and quantitation limits were 0.31 ng µL-1 and 1.03 

ng µL-1 respectively for anatase nanoparticles in capillary electrophoresis, and a high 

amount of titanium was found in the samples subject to study (lip balm and two types 

of toothpaste) by total elemental analysis. Besides, the potential of single-particle 

modality for inductively-coupled plasma-mass spectrometry was exploited for a 

verification of particle size distribution, then confirming the presence of titanium 

dioxide nanoparticles as an ingredient in the composition of the real samples and 

validating the overall strategy herein presented 

 

Keywords: capillary electrophoresis, inductively-coupled plasma-mass spectrometry, 

personal care products, single-particle, titanium dioxide nanoparticles. 
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IV.1.1. INTRODUCTION 

 

The appearance of nanotechnologies has meant a complete transformation of 

many aspects of our lives in a true scientific revolution. Over last decades, studies on 

nanotechnology and nanoscience have attracted attention due to their potential 

benefits transferred to diverse research areas [1] and their countless applications in 

fields namely analytical assays [2], sensors miniaturisation [3], extraction methodologies 

[4,5], various sorts of sample preparation [6] and industry in general [7]. Strictly 

speaking, nanomaterials are all those meeting two basic requirements stated by The 

Royal Society of Chemistry [8]: quantum effects dominating matter behaviour at the 

nanoscale, as well as a larger surface area when compared with the same mass of 

material produced in a larger form. In particular, nanoparticles (NPs) are three-

dimensional nanomaterials possessing a size smaller than 100 nm in at least one 

dimension [9]. It is at this scale that biological, chemical and physical features of 

materials are different from those at a larger scale [10]. 

 It is possible to classify engineered nanoparticles into either metal-bearing 

nanoparticles or carbon-based nanoparticles [11]. Within this categorisation zero-valent 

metals, semiconducting quantum dots, metal sulphides, and metal oxide nanoparticles 

are included, but the latter are the most commonly fabricated [12]. In terms of global 

production per annum, zinc oxide nanoparticles are in third place with 550 t, then 

titania with 3000 t and eventually silica with 5550 t are placed on top amongst all sorts 

of metal oxide nanoparticles [13]. Nonetheless, some experts predict an annual 

European nano-TiO2 production or utilisation at a higher amount than 10,000 t. Bulk 

titanium dioxide is mainly employed as a dye owing to its high refractive index, 

brightness and resistance to discolouration [14]. In fact, around three thirds of net TiO2 

production is exclusively used as a dye added to paints, although its applicability also 

extends to pharmaceuticals, enamels, glazes, fibers, paper, plastics, fibers, toothpastes, 

cosmetics and foods. Nowadays, the use of TiO2 as a nanomaterial has gained a great 

importance and its production is expected to keep increasing next decade at a rate of 

0.06 megatons per year [15]. Titanium dioxide is a semiconductor metal oxide with 

three different crystal structures namely anatase, rutile, and brookite [16]. The latter is 
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the least studied because of the difficulties to obtain it as a pure phase, isolated from 

anatase and rutile [17], and its structure consists of octahedra, each with a titanium 

atom at its center and oxygen atoms at its corners. However, solely anatase and rutile 

play a relevant role in TiO2 applications and arouse interest given they both have been 

investigated by means of surface science techniques [18]. Both structures share a basic 

building clock consisting of a titanium atom coordinated with six oxygen atoms in a 

relatively distorted octahedrical conformation. In both structures, there are two longer 

Ti-O bonds at the octahedron aspices. Most commercial powder catalysts composed of 

titania are a mixture of anatase and rutile, although they exhibit inherent differences in 

particle size and perhaps this is the reason behind their different chemical features. 

From a thermodynamic point of view, anatase phase shows more stability at particle 

sizes smaller than 11 nm; brookite phase is the most stable at a size range of 11-35 nm, 

and eventually rutile phase happens to be the most stable when size goes beyond 35 

nm. Furthermore, it has been demonstrated that the stability of anatase and rutile 

reverses at a size between 14 and 16 nm [19,20], and once rutile is formed it coarsens 

much faster than anatase [21]. 

TiO2 nanoparticles (TiO2NPs) have been detected and quantified in numerous 

matrices by multiple analytical techniques, specifically AF4-ICP-MS [22], spICP-MS [23], 

surface-enhanced Raman spectroscopy [24] and even other less conventional 

techniques such as laser induced breakdown spectroscopy (LIBS) [25] with detection 

limits down to tens of µg mL-1. As well as direct quantification of TiO2NPs, these ones 

have been demonstrated to act as adsorbents capable of getting attached to certain 

sorts of molecules in virtue of their high adsorption rate [26]. Amongst them all, bovine 

serum albumin has been extensively studied as a target molecule due to its rapid 

interaction with diverse metal nanoparticles and the ease of interaction with them from 

a thermodynamic point of view [27–29]. The interaction between nanoparticles and 

proteins results in a nanoparticle-protein corona once they penetrate the body, the 

latter being decisive on the toxicity level induced [30]. Hence it is of great importance to 

conduct research aimed at explaining and understanding the physicochemical 

interaction occurred between nanoparticles and proteins to predict their subsequent 

effects and evaluate their toxicity [31]. In particular, TiO2NPs have been previously 
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employed in adsorption studies with antibiotics namely ofloxacin, penicillin and 

ciprofloxacin [32–34], but they can also interact with other natural compounds such as 

quercetin [35] and organic matter in general [36,37]. 

Cysteine (Cys) is a thiol-containing amino acid, thus its interaction with TiO2NPs 

may take place by three different routes, although hitherto the mechanism behind this 

interaction has not been studied. Alternatively, it has been proven that L-Cys is prone to 

reacting with nanoparticles based on its remarkable metal binding properties and it has 

been used to synthesise functionalised magnetic nanoparticles [38] or as an immobiliser 

agent for enzymes [39]. It is well known that thiol ligands can be adsorbed onto ZnO 

nanoparticles [40], but the mechanism intervening in this adsorption is not fully 

understood yet. To the best of the authors’ knowledge, there have never been assays of 

TiO2NPs in combination to L-Cys, although a chemical interaction may occur in the light 

of previous works with metal oxide nanoparticles [41]. That is the reason why in this 

research several experiences were reported to demonstrate the adsorption of L-Cys 

onto the surface of anatase TiO2NPs. The binding interaction between them both was 

profited for a sensitivity improvement of their CE analysis coupled with UV detection 

and achievement of detection limits in the region of a few units of ng µL-1.  

Typically, nanomaterial-screening methodologies entail a first observation on 

the presence of the target material in the samples subject to study. If results are 

positive, the next step to be given is the isolation of the nanomaterial and the obtention 

of the size distribution. If confirmation is achieved, a further verification has to be 

performed so as to rule out false positives that are likely to occur. In this work, a new 

analytical strategy was issued for screening TiO2NPs in personal care products by means 

of CE, followed by total elemental analysis of titanium by ICP-MS so as to corroborate 

the presence of this ingredient and subsequent measurements in spICP-MS to obtain 

the size distribution of titanium dioxide nanoparticles contained in these actual 

samples. 
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IV.1.2. EXPERIMENTAL 

 

IV.1.2.1. Chemicals,  reagents and samples 

 

  All analytical reagents were highest-purity standards. Anatase titanium 

nanoparticles (5 nm APS) and rutile titanium nanoparticles (60 nm APS, 99.8% purity) 

were purchased from Nanostructured & Amorphous Materials, Inc. (USA). Gold 

nanoparticles (40 nm) for size calibration prior to spICP-MS analysis, together with 

titanium and gold standards for ICP, were obtained from Sigma Aldrich. Erbium used as 

an internal standard for total analysis by ICP-MS was purchased from Agilent. L-Cysteine 

(BioUltra, ≥98.5%) was provided by Sigma Aldrich (USA), as well as sodium hydroxide 

pellets (SigmaUltra, minimum 98%), sodium phosphate dibasic and sodium dodecyl 

sulfate (SDS). Stock solutions of anatase and rutile TiO2NPs and L-Cys were prepared at 

11 and 10 mg mL-1 respectively by dissolving the corresponding amount in pure water, 

all dilutions being made in the phosphate buffer, then stored at 4ºC. Deionised water 

was collected from a Milli-Q purification system (Millipore, Bedford, MA, USA). Lip balm 

SPF 40 and toothpaste samples were purchased from a local pharmacy and they were 

stored at room temperature prior to analysis either as a blank or spiked with known 

amounts of anatase TiO2NPs and L-Cys. Dilutions in water at several levels depending on 

total titanium content were performed prior to spICP-MS measurements of particle size 

distribution. 

 

IV.1.2.2. Instrumentation 

 

 Electrophoretic analyses were performed at room temperature on an Agilent Model 

G1600AX (Palo Alto, CA, USA) CE instrument coupled with diode-array detection. An 

uncoated fused silica capillary (65 cm x 75 µm id) (Beckman, Fullerton, CA) was 

employed. The CE-DAD instrument was controlled using Rev.B.04.03-SP2 3D-CE/MSD 

ChemStation software provided by Agilent Technologies. Spectroscopic features were 

gathered by means of a Secoman spectrometer. For total titanium quantification and 

spICP-MS analysis a model 7900 ICP-MS (G8403A) device from Agilent Technologies 
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(Japan) counting on a quadrupole mass analyser was employed. Operating conditions 

are summarised on Table IV.1.1. 

 

Table IV.1.1. ICP-MS operating conditions for total Ti elemental analysis and titania 

nanoparticles sizing in single-particle mode. 
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IV.1.2.3. Analytical  strategy to be fol lowed for screening and 

confirmation of TiO2NPs 

 

As previously stated, every nanomaterial-screening methodology demands a number 

of steps to be given in order to obtain reliable results permitting to validate the 

strategy. Figure IV.1.1 depicts the whole procedure in a general way.  

 

 

 

Figure IV.1.1. General scheme depicting the analytical strategy followed in this work. 

 

Firstly, before CE-method optimisation, absorption studies were conducted with L-

Cys and TiO2NPs, both separately and in contact, in different conditions so as to 

evaluate all variables associated with the absorbance in electropherograms acquired 

afterwards. The electrophoretic method was then optimised to separate and quantify 

the standards of anatase TiO2NPs and L-Cys first separately and then together in actual 

samples. Once the existence of titanium dioxide was spotted by means of CE, in order 

to assure there were no interferences from other species that could mask detection of 

the target analyte, confirmatory analyses were carried out for obtaining elemental 

composition and particle size distribution in the actual samples. Total titanium content 

was determined by ICP-MS and spICP-MS served as a validating technique for the 

presence of nanotitania in the items subject to analysis. Proceeding in this way the 

probability of false positives was also ruled out and the nanoparticles of interest would 

be succesfully monitored with appropriate selectivity. 
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IV.1.2.4. Adsorption of L-Cys onto TiO2NPs and CE-DAD conditions 

 

Several experiences were conducted with anatase and rutile TiO2NPs, first 

separately and then in a mixture of them both in the absence and the presence of L-Cys, 

this being also injected alone. TiO2NPs standards had to be sonicated prior to dilution 

and after sample preparation so as to prevent them from aggregation. Sample handling 

was easy and quick. All samples were prepared in the aqueous buffer to avoid 

background noise in electropherograms baseline. Every solution contained anatase 

TiO2NPs at different concentration levels, L-Cys at only one concentration once 

optimised, and the aqueous buffer up to 5 mL. Sonication was needed during 10 min to 

ensure a complete adsorption, although the equilibrium was reached in a very quick 

way. Anatase TiO2NPs both in the absence and the presence of L-Cys were detected and 

separated by CE-DAD. Prior to its use, the capillary underwent a preconditioning step 

every day by rinsing with 0.1 M HCl during 5 min, further 5 min with water, 0.1 M NaOH 

during 5 min, water for 5 min and running electrolyte for 15 min. The capillary was 

washed prior to each sample injection by flushing with 0.1 M NaOH during 1 min, water 

for 1 min and buffer electrolyte during 5 min, all steps being performed under a 2-bar 

flush pressure. Aqueous buffer solution used for anatase TiO2NPs separation from L-Cys 

was 2.5 mM sodium phosphate dibasic at pH 9.0, based on the observations of already 

developed works with slight alterations [11,41]. The analytes were injected into the 

capillary by applying a 50-mbar positive pressure during 30 s. Temperature and voltage 

for CE were set at 20ºC and 25 kV, respectively, and detection was performed at 220 

and 260 nm, setting the reference at 450 nm.  

 

IV.1.2.5. Sample extraction prior to CE analysis,  s ize distribution 

measurements by spICP-MS and total  ICP-MS quantif ication of elemental 

Ti  

Two extraction methodologies based on a previously reported research [42] 

were implemented with the aim of evaluating the suitability of the developed 

methodology for detection of TiO2NPs in the samples subject to study. For lip balm a 

small amount (~0.2 g, n = 2) was weighed and dissolved in 10 mL of hexane, spiked with 
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different concentrations of anatase TiO2NPs and a fixed concentration of L-Cys and 

dissolved in an ultrasound bath for 15 min. This mixture was centrifuged during 5 min at 

3000 rpm and two phases were clearly differentiated. Hexane was carefully removed 

and the solid at the bottom was treated with 0.5 mL of hexane and 9.5 mL of water, 

followed by sonication for 15 min and filtration (0.45 μm) to obtain the extract. Buffer 

was used to dilute the extract up to 5 mL, sonication was performed during 10 min and 

this mixture was injected into the CE system. For toothpaste samples, a similar amount 

(~0.2 g, n = 2) was weighed and dissolved in a 0.1% SDS solution, spiked with both 

anatase nanoparticles and L-Cys and placed under an ultrasound bath for 30 min 

instead of using hexane as it was not effective for dissolving the paste. This mixture was 

injected into the CE system.  

Before spICP-MS measurements of size distribution, after conducting the 

aforementioned sample treatment, though with no need for spiking samples with 

nanoparticles, the organic and SDS extract collected for lip balm and toothpaste 

samples respectively was diluted with water in a wide range between 1:10000 and 1:5 

as titanium amount may vary from one item to the other. The corresponding aliquot 

was taken from the original extract and diluted up to 10 mL with water in a 15-mL 

Falcon tube. Two procedural blanks were also prepared and subject to the extraction 

procedure according to the sample to be analysed, followed by dilution in the range 

mentioned above prior to spICP-MS measurements. 

A different sample handling strategy was followed for Ti total elemental analysis 

by ICP-MS. Typically, research works intended to determine amount of Ti in real 

samples employ methodologies involving use of strong acids and a microwave-assisted 

system for matrix digestion at both high temperature and pressure. So as to avoid such 

conditions, an alternative protocol already tested for Ti analysis in aqueous suspensions 

was considered and applied with slight modifications for the kind of samples herein 

studied [43]. In brief, a small amount of sample (~0.1 g, n = 3) was weighed and 

suspended in 10 mL of distilled water into a porcelain crucible. Then 1 g of ammonium 

persulfate was added to this mixture and all crucibles were heated under the fume 

hood at 200ºC in order to promote sample matrix degradation and obtention of an 

homogeneous liquid. This resultant product was resuspended in 10 mL of 2% nitric acid 
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and a clear solution was collected for subsequent dilutions prior to ICP-MS 

quantification of elemental Ti. A wide-range calibration curve for Ti (0.5-100 µg L-1) was 

prepared with a constant addition of 0.5 µg L-1 of Er, the internal standard selected for 

minimising errors associated with the device. All standard solutions were prepared in 

0.2% nitric acid. 

 

IV.1.3. RESULTS AND DISCUSSION 

 

IV.1.3.1. L-Cys stabil ity over t ime and adsorption of TiO2NPs onto L-Cys 

 

 Absorption spectra for L-Cys suspensions in the buffer later used for capillary 

electrophoresis were gathered at different times after initial stirring and allowing to 

stand at room temperature for 45 min. In view of results shown on Figure IV.1.2A, there 

were no significant changes in absorbance and no interaction of L-Cys with the buffer 

was observed, therefore all increments of absorbance were due to the adsorption of 

titania nanoparticles onto the L-Cys, as proven on Figure IV.1.2B.  
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Figure IV.1.2. Absorption of: (A) L-Cys in 2.5 mM Na2HPO4 and stability over time and 

(B) 10 µg mL-1 anatase titania nanoparticles without and with the presence of L-Cys at 

various concentrations. 

 

A given concentration level for TiO2NPs (10 ng µL-1) was employed for 

conducting the adsorption studies at different concentration values of L-Cys (0.1-0.5 ng 

nL-1) to assess the absorbance increase when both species were placed in contact. The 

equilibrium was quickly reached and there was no need for performing experiences at 

different contact times for both L-Cys and TiO2NPs, although sonication was kept for 10 

min to ensure a complete adsorption. The absorbance was demonstrated to raise with 

increasing concentrations of L-Cys but no values beyond 0.5 ng nL-1 were evaluated as 

absorption obtained was clearly over the maximum levels for a spectroscopic analysis. 

Eventually, 0.5 ng nL-1 was chosen as the optimal concentration value for L-Cys as it was 

necessary to enhance sensitivity of titania to the greater extent in CE. UV spectra were 

then gathered for both species and absorption maximum for both anatase and rutile 

TiO2NPs was found to be at 220 nm with the aforementioned increase of absorption 

bands, this fact being the first evidence of an interaction between L-Cys and TiO2NPs. 

 

IV.1.3.2. Optimisation of CE-DAD conditions 

 

CE analyses of TiO2NPs (anatase and rutile) were conducted with UV detection, 

first individually and then in a combination of them both with L-Cys, for their migration-

time-based identification. Key variables intervening in CE-DAD were also subject to 

optimisation, the most relevant ones pH, buffer composition, absorption wavelength 

and voltage. Electropherograms lasted less than 10 min on average, L-Cys exhibiting a 

peak at 3.5 min and TiO2NPs around 5 min. Rutile structure analyses were rejected since 

the beginning due to the lack of sensitivity for their detection, together with the 

formation of an undesirable, wide peak overlaying with the peak shown by anatase, 

even after enough sonication of all solutions. 
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Buffer composition and pH were assayed as previously reported in literature 

[11,41] with amendments. Both sodium borate and sodium phosphate dibasic were 

tested for analysis of titania and no peak was gathered for electropherograms with 

sodium borate, whilst it was possible to obtain peaks for both titania and L-Cys with 

sodium phosphate, the buffer eventually selected. A concentration of 2.5 mM was 

chosen so as to avoid a likely interaction with the nanoparticles and minimise the ionic 

strength of the medium. Buffer pH was a critical factor to improve peak separation 

between L-Cys and TiO2NPs, although it was not necessary to test a pH interval. A 

previous research [41] has proven that pH = 9.0 is suitable to promote the abundance 

of L-Cys both in its mononegative anionic form and its double anionic form [44], and 

then its interaction with TiO2NPs was enhanced. Regarding voltage, several attempts 

were performed to optimise separation by applying different values between 20 and 30 

kV under the aforementioned conditions. Separation voltage is related to migration 

time and also has an influence on resolution. As a consequence, the higher the voltage, 

the shorter the migration time but resolution worsened due to the faster analyte flow 

across the capillary. In the light of the experiments carried out within the voltage range 

assessed, 25 kV was chosen as an appropriate value so as to achieve a good 

compromise between separation degree and migration time. Hydrodynamic injection at 

a 50-mbar pressure was selected because it provided with more reliable results than 

electrokinetic injection. Injection time in the range 10-30 s was also investigated. 

Sensitivity was augmented if a longer injection time was applied, but there was a band 

broadening for TiO2NPs peaks at higher times than 30 s, therefore 30 s was selected to 

minimise broader peaks than expected. Optimal values for every parameter taking part 

in TiO2NPs separation and detection are outlined on Table IV.1.2), including parameters 

assayed in a specific range value and variables already optimised in literature. Once all 

conditions were set, the same steps were followed with the aim of extracting and 

separating of TiO2NPs by means of CE-DAD, and subsequently carrying out experiments 

in order to evaluate analytical performance of this new method in personal care 

products as regards repeatability, recovery and limits of detection and quantification. 
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Table IV.1.2. Optimised operating conditions for separation of anatase TiO2NPs from 

L-Cys by CE-DAD. 

 

 

IV.1.3.3. L-Cys adsorption for quantif ication of TiO2NPs and analytical  

f igures of merit  

 

TiO2NPs analysis by CE-DAD in a 2.5 mM Na2HPO4 (pH = 9.0) provided a peak for 

titania at 5.5 min, as illustrated on Fig. IV.1.3, then proving a remarkable negative 

charge in this electrolyte. Individual quantification of TiO2NPs was initially not very 

sensitive and a peak broadening was observed for anatase, even after vigorous 

sonication of nanoparticles prior to injection. Besides, background noise was noticeable 

on the electropherogram. Cys adsorption enhanced peak area of titania nanoparticles, 

as Fig. IV.1.3 demonstrated, in accordance with the absorbance increments mentioned 

above 
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Figure IV.1.3. Electropherogram showing the effect of L-Cys when added to 10 ng 

µL−1 anatase TiO2NPs. 

 

Besides, a reduction of peak broadening for titania was observed when in 

contact with L-Cys, suggesting that there may be a stabilisation of the aggregates 

typically associated with titania by the interaction occurred with L-Cys, also resulting in 

a slight reduction of migration time. Hence, Cys was found to be a good adsorbate for 

an increment of sensitivity in the determination of nanotitania by means of this 

electrophoretic method. Previous research conducted in this field has proven that 

carboxylate groups are responsible for peptides interaction with oxide surfaces namely 

silica or titania [45], due to their strong electrostatic interactions with the charged 

surface of this metal structures. As stated above, pH value was fixed at 9.0 for all 

analyses carried out by CE and L-Cys was ensured to be abundant in its anionic form, in 

particular for its carboxylate group, mainly responsible for the interaction occurred with 

titania nanoparticles. Cys was considered to improve the TiO2NPs dispersion in the 

aqueous suspension, perhaps reducing aggregation by virtue of negative-charge 

repulsion, and this may be the reason for the enhancement of CE-UV detection 

sensitivity for titania. Another interaction mechanism might be that cysteine is 

dissociated and adsorbed onto the surface of titania nanoparticles, converting outer 

TiO2 to TiS2 and releasing oxygen. Cys molecules in excess might be adsorbed onto the 



Screening and confirmation of metal oxide nanoparticles in matrices of health concern 

	

	

258 

TiS2 and stabilise the nanoparticles, but this is less likely to happen as TiS2 is an unstable 

chemical prone to be converted into titania upon heating.  

Several experiences with titania nanoparticles (2.0–160 ng µL−1) and a fixed 

cysteine concentration of 0.5 ng nL-1 were conducted and a calibration curve was made 

for anatase titania nanoparticles quantification in the presence and in the absence of L-

Cys. Results are summarised on Table IV.1.3. The LOD and LOQ were raised up to 0.31 

ng µL−1 and 1.03 ng µL−1, respectively, accounting for a sensitivity increment by 10 folds 

when titania nanoparticles are in contact with L-Cys. 

 

Table IV.1.3. Linear range, linearity curve and other figures of merit for the 

determination of titania nanoparticles with the proposed CE-DAD method with and 

without the presence of L-Cys (0.5 ng nL-1). 

 

 

IV.1.3.4. Applicabil ity of the proposed CE-DAD method in personal care 

products 

 

The applicability of the proposed CE method was eventually tested on lip balm and 

toothpaste samples. Extraction procedure was followed as detailed in Section IV.1.2.5 

and a blank was first injected into the CE device. Baseline and some minor interferents 

were observed (Figure IV.1.4A). As CE with UV detection is not able to detect 

nanoparticles at low concentration levels in positive samples, they were spiked with 

anatase titania nanoparticles at different concentration levels in the aforementioned 

range for calibration curve. Figure IV.1.4B demonstrate the low sensitivity of CE to 

detect nanotitania, as no peak shows the presence of nanoparticles after having spiked 

the sample. Instead, Figure IV.1.4C demonstrates the sensitivity increment when 

nanoparticles were in contact with Cys.  
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Figure IV.1.4. Electropherogram of a (A) blank toothpaste sample; (B) a toothpaste 

sample spiked with 11 ng µL-1 anatase nanoparticles and (C) the same sample also 

spiked with 0.5 ng nL-1 L-Cys. Peak (1) L-Cys; Peak (2); anatase nanoparticles. 

 

Recovery values, calculated from theoretical values in relation with added amounts, 

were in the range 89.1 and 104.0%, as shown on Table IV.1.4.  

 

Table IV.1.4. Recovery results after extraction of titanium nanoparticles in spiked real 

samples at different levels by the CE-DAD proposed methodology. 
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This first step was successfully accomplished, but false positives are likely to be 

obtained in this kind of samples, since interferents may be found at the same 

concentration levels than target nanoparticles. Consequently, analytical screening 

methodologies suggest further verification in order to confirm the presence of the 

analyte of interest in the composition of the matrix subject to study. This is the reason 

why total elemental analysis of Ti by ICP-MS and size distribution measurements with 

spICP-MS were gathered, then supporting results provided by CE. 

 

IV.1.3.5. Total  Ti  content by ICP-MS and confirmation of t itanium dioxide 

nanoparticles in personal care products by spICP-MS after optimisation 

of di lution range 

 

As shown on Table IV.1.5, the three samples subject to ICP-MS analyses happened to 

contain a high amount of elemental Ti, then confirming manufacturer’s indications 

about this ingredient. Results obtained are in accordance with relevant literature 

previously reported on quantifcation of total Ti in similar personal care items [42]. 

Subsequently, measurements by spICP-MS were necessary in order to have a better 

understanding about mean dimension and size distribution of the titania nanoparticles 

present in the samples subject to study. After performing the extraction procedure 

described on Section IV.1.2.5, samples were diluted throughout a wide range between 

1:10000 and 1:5, and the same strategy was followed for the procedural blanks, given 

that it was necessary to compare signals provided by both blank and real samples. The 

reason why there was need for beginning with high dilutions lies in minimising signal 

saturation, as particle concentration was not known at first. Then a dilution factor such 

as 1:10000 was tested for both types of samples. As size histograms on Figure IV.1.5 

show, there was a good correlation over a certain range (1:50-1:5) for lip balm and 

titania particles found were indeed within the nanoregion, since when diluting at higher 

factors the signal provided by the device was the same than the one that the procedural 

blank showed, with a null size distribution.  
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Figure IV.1.5. Size distribution histograms for anatase nanoparticles in lip balm 

samples by spICP-MS after sample treatment with hexane and aqueous dilution (A) 

1:50; (B) 1:10 and (C) 1:5. 

 

Instead, toothpaste was needed to be diluted to a greater extent for obtaining 

trustworthy size results, hence titanium content may be larger than in the previous 

sample. As observed on the histograms obtained on Figure IV.1.6, a dilution range 

between 1:10000 and 1:500 had to be tested for the confirmation of anatase 

nanoparticles and size distribution was consistent over this wide range.  
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Figure IV.1.6. Size distribution histograms for anatase nanoparticles in a toothpaste 

sample by spICP-MS after sample treatment with SDS and aqueous dilution (A) 1:10000; 

(B) 1:5000; (C) 1:1000 and (D) 1:500. 

 

Table IV.1.5 supports the reliability of size results obtained for both types of 

samples analysed in this research.  
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Table IV.1.5. Results for spICP-MS analysis of titania nanoparticles present in personal 

care products. 

Sample Name 
Part ic le  Conc.  

(part ic les/ l)  
BED 
(nm) 

Mean Size 
(nm) 

Most Freq.  S ize 
(nm) 

Toothpaste 1 dil 1-10000 2.7×1010 12 42 34 

Toothpaste 1 dil 1-5000 2.6×1010 12 42 34 

Toothpaste 1 dil 1-1000 3.0×1010 15 45 34 

Toothpaste 1 dil 1-500 6.3×1010 12 48 38 

Toothpaste 2 dil 1-10000 2.1×1010 11 44 36 

Toothpaste 2 dil 1-5000 2.7×1010 13 47 38 

Toothpaste 2 dil 1-1000 3.3×1010 15 50 40 

Toothpaste 2 dil 1-500 4.7×1010 21 57 46 

Lip balm dil 1-50 6.1×1010 15 68 48 

Lip balm dil 1-10 7.6×1010 18 70 54 

Lip balm dil 1-5 7.0×1010 16 62 46 

 

It is important to take into account that the ICP-MS device would not read 

particles smaller than 10 nm, as observed on background equivalent diameter (BED) 

measurements provided by the instrument. This aspect might be important when 

considering analysis of nanoparticles in the region of units of nm, because alternative 

techniques achieving lower size detection limits should be considered. Thus, at this 

point, it is possible to assure that the screening methodology has been concluded with 

the expected results, as observations initially made by CE on the presence of 

nanotitania in the samples analysed have been supported by ICP-MS elemental analysis 

of titanium and spICP-MS measurements of size distribution for titanium dioxide 

nanoparticles. 
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IV.1.4. CONCLUSIONS 

 

A new screening methodology was developed for detection and discrimination 

of TiO2NPs in personal care products with the presence of L-Cys, a chemical acting as a 

sensitivity enhancer for nanoparticles. TiO2NPs were first analysed by CE-DAD both in 

the absence and the presence of L-Cys, and a peak area increment of 10 folds was 

observed. Hence it has been proven that an interaction between TiO2NPs and L-Cys 

takes place by a suggested mechanism not clarified so far. This methodology was 

successfully applied to lip balm and toothpaste samples spiked with both chemicals, 

since no matrix effect derived from samples composition was spotted. To rule out false 

positives or possible interferents, as typically proposed by nanomaterial-screening 

methodologies, the target analyte in its elemental state was quantified by ICP-MS, then 

confirming the presence of titanium in the composition of the samples. Subsequent 

measurements by spICP-MS showed a nanoparticle size distribution at different dilution 

levels, then demonstrating the consistency of these results after a certain sample 

handling depending on the matrix subject to study. 
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ABSTRACT 

The powerful features of a state-of-the-art technique, namely inductively-coupled 

plasma-mass spectrometry, operating in single-particle mode have been demonstrated 

on the determination of titanium dioxide nanoparticles in food products and food 

supplements. Total titanium analyses were performed after an acidic microwave-

assisted digestion and this element was found in 12 out of 20 samples subject to study. 

Subsequently, comparative investigations were carried out on sonication procedure to 

be followed for sample treatment prior to screening of nanotitania in real food items. 

Direct-probe-based approach was eventually selected for sonication and extraction of 

each sample with tetramethyl ammonium hydroxide, then several dilutions were made 

for single-particle analysis. In the light of results, the population of titania nanoparticles 

seemed to be limited, micro-region being predominant and showing a homogeneous 

size distribution. 

Keywords: food samples, food supplements, inductively-coupled plasma-mass 

spectrometry, nanoparticles, single-particle, titania. 
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IV.2.1. INTRODUCTION 

 

It is a well-known fact that engineered nanoparticles are nowadays present in a great 

deal of manufactured products, and this trend is likely to increase in the near future. 

Goods aimed at cosmetic, personal care, agri-food or nutrition purposes are already 

subject to nanomaterials incorporation within their composition, and potential risks 

associated with these newcomer ingredients are still uncertain. From an analytical point 

of view, there is a concern about development of novel approaches intended to target 

and quantify metal-origin nanoparticles, and in this sense loads of work need to be 

conducted. State-of-the-art techniques are called for circumventing limitations typically 

concerning sensitivity, selectivity or complexity of sample matrix when it comes to 

nanoanalytes determination.    

Titanium dioxide, amongst several applications, is a food-grade additive encoded as 

E171 in the European list and its use extends to bakery, dairy products, candies and a 

wide etcetera throughout five decades. The main objective pursued by industry when 

incorporating titanium dioxide into its preparations is vibrancy and texture 

enhancement, as well as achievement of outstanding colour. As regards risk 

assessment, no conclusive reports have been released so far, although European Food 

Safety Authority has provided a scientific opinion stating that a genotoxic hazard is 

unlikely to occur after in-vivo titanium dioxide ingestion [1,2]. In any case, there is need 

for a deeper understanding on behaviour of this additive towards human health, while 

chemistry-based methodologies are issued in parallel with characterisation and 

quantification goals. 

Inductively-coupled plasma mass-spectrometry (ICP-MS) is an instrumental 

technique consisting of a high-temperature ionisation source (plasma) coupled with a 

mass-spectrometer [3]. This technique is the result of an evolution from the work 

carried out by Gray and Houk in the 1980s [4], and it has become the best choice for 

routine analysis of elements at trace levels. Its good features comprise low detection 

limits, appropriate selectivity towards interference-bearing samples and short time 

analysis. A specific modality of this technique, single-particle ICP-MS (spICP-MS), is an 

emergent tool for nanoanalysis in recent years. The main potential of spICP-MS lies in 
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discrimination between particulate and dissolved forms, together with the low 

concentration levels it achieves [5], therefore nanoparticles determination is likely to be 

orientated towards spICP-MS so as to gain an actual knowledge about elemental 

composition of complex matrices subject to addition of nanoingredients. An ICP-MS 

device operating in single-particle mode provides information about mean and size 

distribution for characterisation and both number and mass concentration for 

quantitation purposes, apart from selective detection of nanoparticles. One of the key 

parameters affecting performance in spICP-MS is dwell time, responsible for data 

acquisition frequency, and it has been proven that microsecond dwell time (100 µs or 

shorter) permits to achieve a longer linearity for calibration and a better precision [6]. 

Furthermore, as it is possible to detect the presence of dissolved species when 

background noise is noticeable, recent studies have started to rule out millisecond 

dwell time (3-10 ms) for nanoparticles monitoring. 

The excellent features provided by spICP-MS have been exploited for direct 

determination of nanotitania in a wide variety of sample types, namely environmental 

waters (river [7], lake [8], drinking [9] and wastewater [10]), personal care items such as 

sunscreens [11-13], cosmetic products [14] and a great deal of food matrices (i.e. 

chewing gum [15,16], chocolate [17] and even mollusks [18]). Some of these research 

papers deal with relevant analytical issues, such as signal stability, drift correction, use 

of collision/reaction gases, combination with separation techniques or comparison with 

other methodologies. An important parameter to be born in mind is size limit of 

detection, with special relevance for small-sized nanoparticles [19] of different nature, 

titania being located beyond 10 nm, hence a pitfall of spICP-MS is the incapability of 

measuring titanium-bearing particles in the region of units of nm with reliability. 

Nevertheless, it is not frequent to find such small particles in actual products from 

manufacturing industry. 

The aim of the work herein presented is the evaluation of the presence of titanium 

dioxide nanoparticles in samples suspected to contain this additive, then several types 

of products used for decoration in pastries, as well as chocolate tablets, coffee 

creamers, frozen desserts, afternoon snacks and food supplements will be subject to 

microwave-assisted acid digestion and analysed by ICP-MS to quantify the total titanium 
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amount present in them by mass balance. Before applicability assessment of spICP-MS 

to actual samples, a characterisation study of a raw material composed of food-grade 

titania (E 171, anatase crystalline form) is to be conducted by means of a direct- and 

indirect-sonication approach. Next a chemical extraction with tetramethylammonium 

hydroxide (TMAH) will be performed prior to spICP-MS analysis of real samples with the 

aim of investigating titanium dioxide nanoparticles in the aforementioned food 

products and supplements, dwell time being set at 100 µs for every single sample 

acquisition. Measured parameters will be size (mode, median, mean) and size 

distribution (assuming spherical shape), fraction of nanoparticles with size <100 nm and 

fraction of nanoparticles with size <200 nm. Particle and mass concentration will also be 

obtained for the actual samples. 

The novel aspects of the research work next developed are indeed the use of 

microsecond dwell time, spICP-MS analysis of a raw material already characterised by 

transmission electron microscopy, chemical extraction of real food items with different 

composition and validation of this methodology prior to determination of nanotitania in 

all samples. 
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IV.2.2. EXPERIMENTAL 

 

IV.2.2.1. Chemicals,  reagents and samples 

 

 All food products and food supplements were obtained from a local supermarket 

brand. All liquid reagents (nitric acid, hydrofluoric acid, hydrochloric acid, hydrogen 

peroxide, tetramethylammonium hydroxide) were of analytical grade. Deionised water 

was obtained from a Milli-Q Element System (Millipore, Molsheim, France). 

 

IV.2.2.2. Instrumentation 

 

 Total titanium analyses were conducted by means of an ICP-QQQ mass 

spectrometer (Agilent 8800, Agilent Technologies Inc., Tokyo, Japan). The instrument is 

equipped with an octopole-based collision/reaction cell (ORS3 cell) in between the two 

quadrupole analyzers and operated in MS/MS mode using NH3 (gas flow 10%) as a 

reaction gas and by formation of titanium adducts. The sample introduction system of 

the ICP mass spectrometer was replaced with inert (non-quartz) components, i.e. a 

platinum injector and a PFA concentric nebulizer with a double-pass PFA spray chamber 

cooled down to 2 ºC. Single-particle analyses were though carried out by means of an 

ICP-MS (Perkin Elmer Nexion 350D) with classic injector and chamber, quartz-made 

nebuliser and peristaltic pump. A wide-range calibration curve for Ti (0.5-100 µg L-1) was 

prepared with a constant addition of 0.5 µg L-1 of Ga, the internal standard selected for 

minimising errors associated with the response provided by the device. 

 

IV.2.2.3. Sample treatment for food products prior to total  t itanium ICP-

MS analysis 

 

Sample treatment and analyses were performed under clean-room conditions in 

every case. All non-powdered samples were manually cut with a knife into smaller 

pieces until obtaining a sort of a powder. No more than 300 mg of sample powder were 

weighed and placed in a vessel as many times as replicates were needed for every 
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sample. Then 2 mL of ultrapure HNO3 and 0.5 mL of H2O2 were added into every vessel 

and they were allowed to stand at room temperature for 1 h. Eventually 200 µL of 

ultrapure HF were added before closing the vessels and taking them to the fifteen 

positions of a rotor. The reaction chamber of the digestion system was conditioned with 

130 mL of tap water and 5 mL of H2O2 before placing the rotor with all the vessels into 

system. The digestion procedure was run into a Microwave Digestion System 

UltraWAVE, operating from room temperature up to 220ºC at 150 bar during 23 min, 

keeping temperature constant during 10 min at 150 bar and cooling down to room 

temperature and atmospheric pressure. Sample recovery consisted of gravimetric 

dilution, that is, a 15-mL empty Falcon tube was placed on the analytical scale before 

taring to zero and the sample mineralised from the vessel was poured into the tube. 

The vessel was washed three times with 1 mL of distilled water, and slowly stirred by 

hand so as to recover acid remains. The water was placed into the same Falcon tube 

and its mass was increased up to 10 g with distilled water as accurately as possible. This 

recovery procedure was followed for every single vessel which underwent acid 

digestion. All vessels were washed following this sequence: 3 mL of distilled water, 3 mL 

of HNO3 and 1 mL of HF into every vessel. The reaction chamber was conditioned as 

stated before and the washing procedure took around 20 min. Vessels were manually 

washed with distilled water three times and the same sequence was followed an extra 

time for a complete washing.  

 

IV.2.2.4. Sample treatment for food supplements prior to total  t itanium 

ICP-MS analysis 

 

If the sample is not a powder, about ten tablets of a food supplement were taken 

and grinded in an electronic mill in order to obtain an homogeneous powder. No more 

than 300 mg of the sample powder were accurately weighed in a vessel as many times 

as replicates were needed for every sample. Then 1.5 mL of distilled water was placed, 

together with 5 mL of ultrapure HNO3, 1.5 mL of ultrapure HCl and 0.75 mL of ultrapure 

HF and vessels were allowed to stand at room temperature for 1 h. Then all vessels 

were placed into a 10-position rotor with a probe for temperature control attached into 
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the first vessel. Run the digestion procedure in an Ethos 1600 Advanced Microwave 

Digestion Labstation 07054, starting from room temperature up to 120ºC during 10 

min, temperatures being constant during 8 min, another ramp temperature from 120ºC 

to 190ºC during 10 min, remaining constant for further 15 min and then cooling down 

to room temperature. Once vessels were allowed to cool down, sample recovery was 

performed in a similar way to the previous section. A 50-mL empty Falcon tube was 

placed on the analytical scale before taring to zero and the sample mineralised from the 

vessel was poured into the tube. The vessel was washed three times with 3 mL of 

distilled water, and slowly stirred by hand so as to recover acid remains. The water was 

placed into the same Falcon tube and its mass was increased up to 30 g with distilled 

water as accurately as possible. This recovery procedure was followed for every single 

vessel which underwent acid digestion. All vessels were washed following this 

sequence: 4 mL of HNO3, 4 mL of distilled water and 1 mL of HF into each one before 

running the digestion procedure. Vessels were manually washed with distilled water 

three times and the same steps were given an extra time. 

 

IV.2.2.5. Experimental procedure for the val idation of sonication method 

with a pristine material  

 

The dispersion protocol named Nanogenotox [20] was followed for the validation of 

the better sonication approach for a pristine material. In brief, 10 mg of a raw material 

containing food-grade titania (Instanute) were accurately weighed and dissolved in 100 

mL of 0.05% bovine serum albumin. The solution was agitated first by vortex and then 

by a sonication bath, prior to undergoing the sonication process. Direct approach 

consisted of a KE76 probe (AMP 10%, 16 min, no pulse) under an ice bath, whilst 

indirect approach was based on a vial tweeter system (AMP 75%, cycle 50%, 15 min). 

Then all aliquots were rapidly taken from the sonicated samples and dilutions with 

water were performed up to the desired level. 
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IV.2.2.6. Extraction of food samples and food supplements with TMAH 

prior to spICP-MS analysis 

 

About 500 mg of sample powder were accurately weighed and 20 mL of 20% TMAH 

were added. The mixture containing both sample and TMAH was sonicated for 5 min 

under ice bath with a direct probe (50 W, pulse 6+2, MS72 probe). The solution was 

placed into a mechanical agitator and allowed to be stirred overnight. All samples were 

then vortexed them one by one for 30 seconds and aliquots were quickly taken for 

dilution and spICP-MS analysis. It was important to take into consideration the time 

interval between samples when they were placed into the mechanical agitator and it 

was also necessary to respect this time before dilutions and acquisitions in single-

particle ICP-MS. 

 

IV.2.3. RESULTS AND DISCUSSION 

 

IV.2.3.1. Total  Ti  content in food items and food supplements by ICP-MS 

 

After performing digestion as described on Sections IV.2.2.3 and IV.2.2.4, 

mineralised samples were appropriately diluted and determination of elemental Ti in all 

samples was conducted, content being summarised on Table IV.2.1.  
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Table IV.2.1. Results for Ti total elemental analysis in food items and food 

supplements by ICP-MS. 

 

 

 

In the light of results, 12 out 20 samples subject to analysis were found to 

contain elemental Ti, food supplements standing out amongst the rest of food items. It 

is interesting to point out that two samples whose composition is unknown do contain 

Ti and it was surprising that four of them do include Ti even if the manufacturer does 

not declare it on the ingredient list.  

 

IV.2.3.2. Election of a sonication method between the use of a direct and 

an indirect probe by means of spICP-MS observations 

 

Once the amount of elemental Ti was determined in the actual samples, the 

next step to give forward was the quantification of titanium dioxide nanoparticles in 

each of them. However, in a previous way, it was necessary to select a sonication 

approach to deal with all samples prior to spICP-MS analyses. In this sense, several 

replicates of a pristine material namely Instanute, which is a white powder containing a 

known amount of 15% titanium dioxide, were subject to the above-mentioned 

Nanogenotox protocol (procedure described on Section IV.2.2.5) and diluted in a wide 

range before conducting spICP-MS determination of titania-nanoparticle size 
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distribution. When a direct-sonication probe was employed, results were as Figure 

IV.3.1 shows.  

 

 

Figure IV.2.1. Titania-nanoparticle size distribution for Instanute samples treated with 

a direct-sonication probe. 

 

Dilutions in the range 1:3000-1:1500 were not probably adequate since the 

contribution of the procedural blanks (signal up to 70 nm) had a significant influence on 

the whole size distribution, then not considering only the signal due to the actual 

sample. Instead, it seemed that dilution 1:300 was more appropriate as the effect of the 

blanks were minimised in favour of Instanute contribution. Besides, the intensity shown 

by the material diluted at 1:600 and 1:300 was high enough to take these dilutions 

factors into consideration. When it comes to indirect sonication, as observed on Figure 

IV.2.2, the scenario considerably changed in relation with the previous case.    

 

Dilution	1:3000 Dilution	1:1500 

Dilution	1:600 Dilution	1:300 
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Figure IV.2.2. Titania-nanoparticle size distribution for Instanute samples treated with 

an indirect-sonication probe. 

 

Dilution factors were not as significant as in the case of the direct-sonication 

approach, although a clearer signal size distribution was observed at lower dilutions. 

The most important aspect to be taken into consideration was the signal provided by 

the procedural blank, which was much more intense than the Instanute distribution. 

Therefore, it is possible to establish a critical comparison between the two sonication 

approaches already tested for the same material. On the one hand, direct sonication 

provided a very intense signal for the material of interest and size-distribution results 

were in accordance with predictions initially made, although the complexity of the 

treatment (ice bath, manipulation, probe contamination) was noticeable and acoustic 

contamination invites one to leave the laboratory while sonication is taking place. On 

the other hand, the indirect-sonication method was much easier to manage but the 

poor results obtained for size distribution of Instanute advise one against using it for 

this purpose. Thus, direct sonication was selected from now on for the rest of the 

experiments to be conducted with food items and food supplements for spICP-MS 

analyses. 

 

 

 

 

Dilution	1:3000 Dilution	1:1500 

Dilution	1:600 Dilution	1:300 
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IV.2.3.3. Quantif ication of t itanium dioxide nanoparticles in food items 

and food supplements by spICP-MS after chemical extraction with TMAH 

 

Once the sonication approach was selected and samples were treated as 

described on Section IV.2.2.6, dilution ranges were set according to the total Ti results 

obtained on Section IV.2.3.1. Subsequently, the twelve samples demonstrated to bear 

elemental titanium in the composition were acquired by means of spICP-MS. As an 

example, Figure IV.2.3 shows size distribution results for one of the samples containing 

a high amount of elemental titanium. 

 

 

Figure IV.2.3. Titania-nanoparticle size distribution for the 5-cereal-croissant sample 

obtained by spICP-MS. 

 

In the light of the size distribution results obtained, it can be inferred that the 

dilution factor 1:500 seems to be more suitable for this particular sample, as a 

homogeneous distribution is observed. Besides, frequency values are high enough to 

considerate these results as valid. 

 

  

 

 

 

Dilution	1:5000 Dilution	1:1000 

Dilution	1:500 
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Table IV.2.1. Relevant results for the 5-cereal croissant sample obtained by spICP-MS. 

 

 

IV.2.4. CONCLUSIONS 

 

Titanium dioxide nanoparticles have been found in twelve food-related products 

by means of spICP-MS after a chemical extraction of the samples and direct-sonication 

treatment prior to dilution and acquisition. However, the proportion of nanoparticles 

was not so large and the majority of them were located between 100 and 200 nm, and 

high dilution factors were not convenient, even for items with a great amount of 

titanium in them. 
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 tenor de lo visto en el desarrollo de la presente Tesis Doctoral, se arrojan 

diversas conclusiones fruto de un trabajo experimental que se visibiliza en la 

producción de seis artículos científicos, así como una publicación de revisión 

bibliográfica. Los puntos fundamentales que se extraen como corolario de los 

objetivos alcanzados desde el punto de vista analítico en la rama de los nanomateriales se 

pueden resumir en: 

i. Optimización de una metodología basada en una interfase entre 

Electroforesis Capilar y detector evaporativo de dispersión de luz para la 

separación, en un tiempo de 15 min, de nanopartículas de sílice de tamaños 

que oscilan entre los 20 y los 100 nm, siendo de aplicación en muestras de 

sal fortificadas con los mismos tamaños previamente detectados. La 

Electroforesis Capilar también resultó de utilidad para la separación de 

nanopartículas de oro en forma de prisma y octaedro, con 

electroferogramas de menos de 10 min de duración, siendo importante su 

discriminación debido a las implicaciones de cada morfología en campos 

como la nanomedicina. 

ii. Síntesis y producción de nanoestructuras con capacidad adsorbente tales 

como la nanocelulosa en combinación con las nanopartículas magnéticas o 

la combinación polimérica de estireno y divinilbenceno en conjunción con 

nanotubos de carbono de pared múltiple dotados de magnetismo. La 

nanocelulosa modificada con líquido iónico sirvió de utilidad para la 

extracción sensible y selectiva de insecticidas neonicotinoides, posterior 

separación por cromatografía líquida y detección con Espectrometría de 

Masas y aplicación a muestras de leche bovina; la nanoestructura 

polimérica, en cambio, se explotó para la extracción y preconcentración del 

antihipertensivo propranolol, seguida de separación enantiomérica de los 

isómeros R- y S- y su aplicabilidad se demostró en muestras de orina 

humana. 

iii. Determinación de nanoóxidos metálicos a través de metodologías analíticas 

enfocadas al rastreo de los mismos, siendo de utilidad la Electroforesis 

Capilar o la Espectrometría de Masas con plasma acoplado para lograr los 

objetivos. En concreto, se ha conseguido detectar nanopartículas de dióxido 

de titanio en matrices de suerte cosmética y alimentaria industrial, así 

como en suplementos alimenticios, produciéndose hallazgos importantes 
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ante los que cabe preguntarse por su toxicidad una vez aplicados o 

ingeridos por el organismo.  

 

Los trabajos futuros deberían tomar en consideración el desarrollo y aplicación de 

interfases entre técnicas de separación clásicas como la Electroforesis Capilar o la cromatografía 

líquida, con objeto de mejorar la sensibilidad y detectar nanopartículas a nivel de traza en todo 

tipo de matrices complejas. La instrumentación acoplada a detectores convencionales comienza 

a no ser suficientemente efectiva para alcanzar las metas propuestas en la actualidad al 

respecto de las nanopartículas y los nanoóxidos metálicos, por lo cual es necesario responder a 

las demandas de un mundo donde se evidencia un encubierto uso de los nanomateriales en 

minúsculas proporciones. Se deben trazar nuevos objetivos analíticos para proporcionar unos 

resultados cada vez más precisos y sensibles para la cuantificación de especies cuyo tamaño se 

encuentra en la escala nanométrica y cuya detección se torna complicada debido a la falta de 

sensibilidad de la instrumentación en laboratorio. Por esta razón, la sinergia entre técnicas de 

separación y herramientas de detección es crucial para una primera discriminación selectiva de 

nanopartículas y nanoóxidos metálicos y una posterior cuantificación en cantidad reducida de 

los mismos. Asimismo, se sugiere explorar nuevas vías de síntesis de nanomateriales con 

empleabilidad en estrategias de extracción en fase sólida magnética y que puedan suplir a los 

sorbentes comerciales que se popularizaron décadas atrás. Dicho objetivo se está consiguiendo 

en la práctica, pero sería conveniente proponer rutas alternativas de extracción con 

nanosorbentes en que se demuestre claramente que todos los parámetros objeto de estudio 

(rendimiento, límites de detección y cuantificación, rango lineal, reusabilidad...) son más 

ventajosos que los proporcionados por la extracción en fase sólida como ha sido entendida 

hasta nuestros días. La sencillez de los nuevos métodos de extracción debe ir acompañada de 

una mejora generalizada de las variables intervinientes en el tratamiento de muestra, para así 

alcanzar un alto grado de fiabilidad en los resultados para el analito de interés. 
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uilding on the observations made throughout the development of the 

present Doctoral Thesis, diverse conclusions are generated as a fruit of an 

experimental work resulting in the production of six scientific papers, as 

well as a literature-review article. The essential points that can be drawn 

as a corollary from the objectives achieved in the branch of nanomaterials from an 

analytical point of view can be summarised as: 

i. Optimisation of a methodology based on an interface between 

Capillary Electrophoresis and an evaporative light-scattering detector 

for the separation, within 15 min, of silica nanoparticles with sizes 

ranging from 20 to 100 nm, and with application to salty samples 

spiked with the same sizes previously detected. Capillary 

Electrophoresis also happened to be useful for gold nanoprisms and 

nanooctahedra, electropherograms lasting less than 10 min. 

Discrimination of these nanoparticles is relevant owing to 

implications of each morphology in fields namely nanomedicine. 

ii. Synthesis and obtention of nanostructures with an adsorption 

capacity, such as magnetic nanocellulose hybrid nanoparticles or 

magnetic multi-walled carbon nanotube poly(styrene-co-

divinylbenzene). Ionic-liquid-modified nanocelluose was useful for a 

sensitive and selective extraction of neonicotinoid insecticides, 

subsequently separated by liquid chromatography-mass 

spectrometry and applied to bovine milk samples. Instead, the 

polymer-based nanostructure was exploited for extraction and 

preconcentration of the antihypertensive propranolol, followed by 

enantiomeric separation of R- and S- isomers and applicability was 

demonstrated to human urine samples. 

iii. Determination of metal oxide nanoparticles through analytical 

methodologies orientated towards screening, Capillary 

Electrophoresis and Mass Spectrometry coupled with plasma being of 

use so as to achieve the objective. To be precise, detection of 

titanium dioxide nanoparticles has been accomplished in personal 
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care products and food items, as well as food supplements, therefore 

achieving important breakthroughs in the face of which there is room 

for wondering about their toxicity once applied or ingested by the 

organism.  

 

Future work should take into consideration development and application of 

interfaces between classical separation techniques namely Capillary Electrophoresis or 

liquid chromatography, with the aim of improving sensitivity and detecting 

nanoparticles at trace levels in every sort of complex matrices. Instrumentation coupled 

with conventional detectors commences not to be effective enough for accomplishing 

today’s goals proposed with regards to metal and metal oxide nanoparticles, a reason 

why it is necessary to respond to a demanding world where an undercover use of 

nanomaterials in tiny proportions is evident. New analytical objectives should be drawn 

up in order to provide with results more and more accurate and sensitive for 

quantification of species whose size falls within the nanometric scale, detection turning 

out to be complicated due to the lack of sensitivity shown by the equipment in the 

laboratory. For this reason, synergy between separation techniques and detection tools 

is critical for a previous selective discrimination of metal and metal oxide nanoparticles 

and a subsequent quantification of them at small proportions. Furthermore, it is 

suggested to explore new ways of synthesising nanomaterials with usefulness in 

magnetic solid-phase extraction and able to replace commercial sorbents which have 

been very popular decades ago. This aim is becoming a reality, although it would be 

convenient to propose alternative extraction paths with nanosorbents in order to 

clearly demonstrate that all parameters to be assessed (recovery, limits of detection 

and quantification, linear range, reusability...) are more advantageous than the ones 

provided by solid-phase extraction as it has been known so far. Simplicity of new 

extraction methods should be accompanied by an overall improvement of variables 

intervening in sample handling, this way achieving a high realiability degree for results 

to be otained for the analyte of interest. 

 



	

	

	

295 

 

 

 

 

 

 

 

 

 

 

 

Autoevaluación científ ica 

 

Scientif ic self-assessment



	

	

	

296 



Autoevaluación científica 

	

	

297 

omo corolario de la presente Tesis Doctoral, es posible extraer una serie 

de afirmaciones desde un punto de vista científico sobre los avances 

logrados en esta memoria. Asimismo, se pondrán de manifiesto las 

limitaciones encontradas para proponer acciones futuras encaminadas a 

una mejora de los parámetros analíticos objeto de estudio. Así pues, se establece el 

siguiente resumen de avances: 

I. Empleo de la Electroforesis Capilar como técnica apropiada de 

separación para nanopartículas de metales y óxidos metálicos, 

utilizando tanto detección ultravioleta convencional como detector 

evaporativo de dispersión de luz. Mediante dicha técnica se ha 

conseguido separar nanopartículas de distintos tamaños y 

morfologías, demostrando así que los métodos electroforéticos 

permiten discriminar nanopartículas de sílice en función de su 

dimensión. Este aspecto incrementa el interés de la electroforesis, 

fundamentalmente por su capacidad de detección de nanopartículas 

muy pequeñas que con técnicas atómicas no se pueden monitorizar a 

causa del límite de detección de tamaño. Por otra parte, las citadas 

técnicas atómicas que no consiguen rastrear nanopartículas de 

dimensiones muy pequeñas sí que logran cuantificar a niveles de 

traza. 

II. Síntesis en laboratorio de nuevos nanomateriales con capacidad 

extractante para la preconcentración de analitos de interés 

agroalimentario y farmacéutico, así como desarrollo y validación de 

métodos encaminados a una eficaz utilización de las nanopartículas 

magnéticas como potenciador de los parámetros analíticos asociados 

a la extracción y cuantificación de los compuestos objeto de estudio. 

En este sentido, se han logrado sintetizar nanoestructuras mediante 

procedimientos que permiten abaratar los costes que comportan los 

cartuchos comerciales de extracción, ya que es posible obtener 

grandes cantidades del material utilizado para la extracción y su 

capacidad de reutilización es también notable.  
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Las limitaciones que se han observado a lo largo del trabajo experimental giran 

en torno a la sensibilidad en referencia a lo expuesto en el apartado I. La Electroforesis 

Capilar, incluso acoplada a un detector más sensible como puede ser el evaporativo de 

dispersión de luz, no ha proporcionado límites de detección en el rango deseado para 

las nanopartículas analizadas, ya que éstas se encuentran a niveles más reducidos en 

muestras positivas. No obstante lo cual, hemos de enmarcarnos en un contexto donde 

por primera vez se han desarrollado métodos electroforéticos para análisis directo de 

nanopartículas, ya sea en virtud de su tamaño o de su estructura. En el futuro 

inmediato, dichas metodologías deberán contar con el acoplamiento de equipos de 

detección capaces de cuantificar a niveles de concentración mucho más bajos para, de 

esta forma, explotar la posible sinergia que se comentaba en el apartado de 

conclusiones. Este acoplamiento deberá llevarse a cabo, muy probablemente, mediante 

el desarrollo de nuevas interfases. 

Al respecto del apartado II, es importante resaltar que los métodos analíticos de 

extracción desarrollados y validados en el trabajo experimental de esta memoria son en 

modalidad “fuera de línea”, por lo cual las limitaciones en términos de duración total 

del método, manipulación de la muestra o incluso pérdida de información sobre el 

analito son evidentes. En consecuencia, siempre que los medios adecuados se 

encuentren a disposición, sería deseable orientar las nuevas metodologías de 

tratamiento de muestra hacia una modalidad “en línea” que permita una optimización 

de los parámetros anteriormente mencionados, con objeto de minimizar las 

limitaciones de los procesos “fuera de línea”. En caso de dificultad para implementar 

esta nueva modalidad, sería interesante estudiar la posibilidad de automatizar los 

métodos manuales ya validados en el laboratorio para así incrementar el número de 

muestras que se pueden procesar en una sesión de trabajo y reducir los errores 

provocados por la manipulación del analista en el transcurso de los pasos de que consta 

el tratamiento de muestra. 
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s a corollary of this Doctoral Thesis, it is possible to infer some 

afirmations from a scientific viewpoint about the breakthroughs 

accomplished throughout this report. Likewise, limitations found will be 

highlighted in order to propose future actions orientated to improve 

analytical parameters subject to study. Therefore, the following summary of advances 

can be stated: 

I. Use of Capillary Electrophoresis as a suitable technique for separation 

of metal/metal oxide nanoparticles, employing both conventional 

ultraviolet detection and an evaporative light-scattering detector. By 

means of this technique it has been possible to accomplish 

separation of nanoparticles according to different sizes and 

morphologies, then demonstrating that electrophoretic methods 

permit to discriminate between silica nanoparticles based on 

dimension. This aspect raises the interest of electrophoresis, 

principally because of its ability of detecting such small nanoparticles 

when atomic techniques cannot monitor due to size detection limit. 

Furthermore, these atomic techniques not able to track small-sized 

nanoparticles do quantify at trace levels.  

II. Laboratory synthesis of new nanomaterials with sorbent capacity for 

preconcentration of analytes with agri-food and pharmaceutical 

interest, as well as development and validation of methods intended 

to an efficient use of magnetic nanoparticles as an enhancer of 

analytical parameters associated with extraction and quantification of 

the compounds subject to study. In this sense, synthesis of 

nanostructures has been achieved by procedures allowing for 

cheapening costs that commercial extraction cartridges entail, 

because it is possible to obtain large amounts of the material used for 

extraction and the capacity of being reused is remarkable.  

Limitations which have been observed during the experimental work revolve 

around sensitivity as far as section I is concerned. Capillary Electrophoresis, even 

coupled with a more sensitive detector such as the evaporative light-scattering one, did 
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not provide with detection limits in the desired range for the nanoparticles analysed, 

given that they can be found at lower levels in positive samples. In spite of this issue, we 

have to delimit in a context where for the first time electrophoretic methods have been 

developed for direct analysis of nanoparticles, either according to size or structure. In 

the near future, this kind of methodologies shall count on the coupling of detection 

devices able to quantify at much lower concentration levels so as to exploit the likely 

synergy already commented on conclusions section. This coupling arrangement shall be 

probably performed by means of developing new interfaces. 

As regards section II, it is important to point out that extraction analytical 

methodologies which have been developed and validated throughout the experimental 

work are in the ‘off-line’ modality, therefore limitations are evident in terms of net time 

length, sample handling or even information loss about the analyte. Consequently, 

providing appropriate media are available, it may be desirable to orientate new sample-

handling methodologies towards ‘on-line’ modalities permitting to optimise the 

aforementioned parameters with the aim of reducing ‘off-line’ procedure limitations. In 

case of difficulty in implementing this new modality, it may be interesting to study the 

possibility of automation of manual methods already validated in the laboratory in 

order to increase the number of samples to be treated in a work session and minimise 

the errors caused by analyst’s manipulation over the steps that sample treatment 

consists of. 
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