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Actualmente nos encontramos en plena expansión de la Nanociencia y 

Nanotecnología. Millones de toneladas de nanopartículas (NPs) se producen 

anualmente con fines comerciales o como subproductos de la actividad 

humana. La creciente producción y el uso de nanomateriales conducirán a su 

acumulación en el medio ambiente, generando potenciales implicaciones 

negativas para la salud humana y animal. Sin embargo, la evaluación de los 

efectos de los nanomateriales en la salud y el medio ambiente es difícil ya que 

los métodos analíticos y herramientas necesarias están aún en desarrollo. En 

comparación con los contaminantes clásicos y otros emergentes, las 

nanopartículas están planteando desafíos ambientales y analíticos 

desconocidos.  

Uno de los roles de la Química Analítica en este contexto es el análisis y 

caracterización de dichas nanopartículas. Se pueden definir dos facetas clave en 

la Nanociencia y Nanotecnología Analítica, por un lado, la consideración de las 

nanopartículas y el material nanoestructurado como herramientas para la 

innovación y mejora de los procesos (bio)químicos de medida, aspecto más 

desarrollado hasta la fecha, y por otro, su consideración como objetos, faceta en 

la que se enmarca la presente Tesis Doctoral. Como interfase entre ambas existe 

una tercera opción que consiste en que las nanopartículas se empleen como 

herramientas en procesos analíticos para caracterizar/determinar otros 

nanomateriales.  

La consideración de la nanomateria como analito-diana requiere de métodos 

analíticos que permitan detectar y/o cuantificar nanopartículas en diferentes 

tipos de muestras, así como el desarrollo y puesta a punto de metodologías 



 Objeto 

 
 

10 

para su caracterización química. Si bien puede afirmarse que hay un déficit de 

técnicas analíticas que permitan su caracterización rápida, la situación se agrava 

aún más cuando se pretenden determinar en matrices complejas como 

medioambientales y biológicas.  

Teniendo en cuenta lo anteriormente expuesto, el objetivo principal de la Tesis 

Doctoral que se presenta en esta Memoria es el desarrollo de metodologías 

analíticas que permitan la caracterización y determinación de nanomateriales en 

matrices ambientales y biológicas. Con este objetivo global, los objetivos 

específicos de la investigación a desarrollar son los siguientes:  

 Desarrollo de nuevos procedimientos de síntesis de nanopartículas de 

forma simple, económica, buena con el medio ambiente, así como el 

acoplamiento de los procedimientos de síntesis para su producción en 

flujo continuo.  

 Caracterización de las nuevas nanopartículas obtenidas mediante 

diversas técnicas microscópicas y espectroscópicas, además de la 

evaluación de su potencial analítico como herramientas para la mejora 

de los sistemas de detección y determinación de otros nanomateriales.  

 Desarrollo de metodologías para la caracterización rápida de 

nanomateriales, tanto de productos de síntesis como mezclas de 

nanopartículas con distintas propiedades, mediante el empleo de 

técnicas espectroscópicas y de separación.  

 Desarrollo de métodos para la preconcentración, determinación y 

cuantificación de nanomateriales en matrices ambientales –agua de 

río- o biológicas –hígado de pollo.  

De la amplia variedad de nanopartículas descritas hasta la fecha, esta Tesis 

Doctoral se ha centrado en las más populares y representativas dentro de las 

metálicas y de carbono, como son las nanopartículas de oro y plata y los 

nanotubos de carbono, respectivamente.   
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Nowadays, we are immersed in a full expansion of Nanoscience and 

Nanotechnology. Millions of tonnes of nanoparticles (NPs) are produced 

annually for commercial purposes or as by-products of human activity. The 

growing production and use of nanomaterials will inevitably lead to their 

accumulation in the environment, which can have major implications for human 

and animal health. However, assessing the effects of nanomaterials on health 

and the environment is difficult since analytical methods required are still under 

development. Compared with classical and other emerging contaminants, 

nanoparticles are posing previously unknown environmental and analytical 

challenges.  

One of the roles of Analytical Chemistry in this context is the analysis and 

characterization of such NPs. Two key facets of Analytical Nanoscience and 

Nanotechnology can be defined, on the one side, the consideration of 

nanoparticles and nanostructured materials as tools for the innovation and 

improvement of (bio)chemical measurement processes, which is the aspect 

more developed until date, and, on the other hand, their consideration as 

objects, facet in which this Doctoral Thesis is framed. A third option exists as 

interface between both of them, which consists on nanoparticles being 

employed as tools in analytical processes for the characterization/determination 

of other nanomaterials.  

The consideration of nanomatter as target-analyte requires analytical methods 

that enable the detection and/or quantification of nanoparticles in different kind 

of samples, as well as the development and refinement of methodologies for 

their chemical characterization. While it can be affirmed that there is a lack of 

analytical techniques that allow their rapid characterization, the situation is 
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further aggravated when trying to determine them in complex matrices such as 

environmental or biological.   

Based on the foregoing, the primary aim of this doctoral work is the 

development of analytical methodologies that enable the characterization and 

determination of nanomaterials in environmental and biological matrices. The 

specific objectives derived from this general objective are as follows:  

 Development of new simple, inexpensive, environmentally friendly 

procedures for the synthesis of nanoparticles, as well as their coupling 

for continuous flow production.  

 Characterization of the new obtained nanoparticles by means of diverse 

microscopic and spectroscopic techniques, in addition to the evaluation 

of their analytical potential as tools for the improvement of detection 

and determination systems of other nanomaterials. 

 Development of methodologies for the rapid characterization of 

nanomaterials, both products of synthesis and mixtures of nanoparticles 

with different properties, by employing spectroscopic and separation 

techniques. 

 Development of methods for the preconcentration, determination and 

quantification of nanomaterials in environmental –river water- and 

biological –chicken liver- matrices.  

Among the wide variety of nanoparticles described until date, this Doctoral 

Thesis has focused on the most popular and representative within metallic and 

carbonaceous, such as gold and silver nanoparticles and carbon nanotubes, 

respectively.  
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I.1. ANALYTICAL NANOSCIENCE AND 

NANOTECHNOLOGY 

 

The common characteristic of Nanoscience and Nanotechnology (N&N) is the 

size of the target objects, which are comprised in the so-called “nanometric 

scale”, typically between 1 and 100 nm.   

Nanoscience has multiple complementary definitions, such as: “the science of 

the synthesis, analysis and manipulation of materials at atomic or molecular 

level, where the characteristics or physical or chemical properties are 

substantially different to those shown by the same material at a higher scale 

(micro or macro)1”, or, simply: “the science based on the diverse structures of 

materials which have dimensions of a billionth part of the meter2
”.  

On the other hand, Nanotechnology “deals with the design, characterization 

and use of structures, devices and systems, whose shape and size are controlled 

in the nanoscale1
”.  

A substantial aspect of Nanoscience and Nanotechnology (N&N) is their 

multidisciplinary as well as transversal and convergent character. Physicists, 

chemists and engineers are the scientists and professionals more directly 

                                                           
1
 M. Valcárcel. Las nanoestructuras de carbono en la nanociencia y nanotecnología 

analíticas. Discurso de recepción como académico de número  de la Real Academia de 

Ciencias (2010).  
2
 P. Poole, F.J. Owens. Introduction to nanotechnology (2003). Wiley, Hoboken, NJ.  
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involved, but their convergence with other areas such as information technology 

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

and medicine, pharmacy, agrifood and diverse types of industries such as textile 

or energetic, in another, has to be pointed out.   

Analytical Science cannot be left out of N&N
3
 and, in fact, it is even present in 

many definitions of N&N since reliable information about the nanoworld is 

crucial to make well founded scientific and technical decisions in this area. 

Words belonging to analytical discipline such as “analysis” or “characterization” 

and other shared with other disciplines such as “use” or “employment” 

summarize the two key facets of the relationship between Analytical Chemistry 

and Nanoscience and Nanotechnology, namely: i) the consideration of 

nanoparticles and nanostructured materials as objects (analytes) or ii) tools for 

the innovation and improvement of the (bio)chemical measurements processes. 

These two facets of Analytical Chemistry in the context of Nanoscience and 

Nanotechnology will be dealt in depth later. 

The major application areas of nanotechnology can be classified in four groups
3
, 

namely: i) nanobiotechnology and nanomedicine, ii) nanomaterials, iii) 

nanoelectronics, and iv) nanosensors/nanodevices, nanotechnological 

instrumentation and nanometrology. The last area is directly related to analytical 

science, which also plays an essential role in the other three, for example 

dealing with the monitoring of production processes or both the 

characterization and use of end products.  

Overview of Analytical Nanoscience and Nanotechnology 

There are several emerging possibilities when introducing Nanoscience and 

Nanotechnology in the analytical scope. Because of that, a multiple classification 

                                                           
3
 M. Valcárcel, B.M. Simonet, S. Cárdenas, Anal. Bioanal. Chem. 391 (2008) 1881-1887.  
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based on four complementary criteria has been done, which is shown 

schematically in Figure I.1.1. and following commented on.  

 

 

Figure I.1.1. Inherent classifications of Analytical Nanoscience and Nanotechnology 

taking into account four criteria: 1) Target of the analysis; 2) According to the 

consideration of the nanomatter; 3) According to the exploitation of the nanosize; 4) 

According to the exploitation of the nanomatter properties. For details, see the text.  

 

The first criterion (Figure I.1.1.(1)) considers the type of material analyzed, which 

can be conventional (macro or micro in size), or nanomaterials. In the first case, 

nanoparticles can be involved in the analytical process, conferring it 

nanotechnological character. An example is the use of quantum dots 

functionalized with antibodies, which can be injected in organisms in order to 
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detect carcinogenic processes
4
.  In the second possibility the target is the own 

nanoworld, which coincides with the consideration of nanomaterials as analytes. 

Along this thesis different approaches to the analysis of the nanoworld will be 

presented, some of them also employing nanoparticles as tools in order to 

improve the analytical process of determination of nanomaterials.  

The second criterion (Figure I.1.1.(2)) relies on the analytical consideration of 

nanoparticles and nanostructured materials as objects –analytes- or tools 

involved in the analytical process.  The extraction of chemical information from 

the structured nanomaterials (composition, chirality, reactivity, etc.) is an 

indispensable complement to the physical characterization, which is more well-

known (dimensions, topography, etc.)
5
. On the other hand, nanomaterials can 

be used as analytical tools to develop new analytical processes or to improve 

existing ones (i.e. development of optical sensors, development of stationary 

and pseudostationary phases in chromatography and capillary electrophoresis, 

mechanical sensors, etc.).  

Criteria 3 and 4 (Figure I.1.1.(3) y (4)) are based on exploitation in the analytical 

scope of the exceptional properties of nanomaterials, in exploiting the nanosize, 

or both, which leads to the definition of three types of analytical systems related 

to Nanoscience and Nanotechnology: nanotechnological analytical systems, 

nanometric analytical systems, and analytical nanosystems
6
. Nanotechnological 

analytical systems exploit the exceptional physicochemical properties of 

nanomaterials (although they are in micro/macro analytical systems) accounting 

for the most current uses of analytical nanoscience. Nanometric analytical 

systems which are based exclusively on the nanosize of the devices involved are 

                                                           
4
 A. Zajac, D. Song, W. Qian, T. Zhukov, Colloids and Surf B: Biointerfaces, 58 (2007) 309-

314. 
5
 R. Lucena, B.M. Simonet, S. Cárdenas, M. Valcárcel, J. Chromatogr. A, 1218 (2011) 620-

637. 
6
 M. Valcárcel, B.M. Simonet, Anal. Bioanal. Chem 399 (2011) 1-2.  
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exemplified by nano-chip liquid chromatography systems
7
 exploting the 

advantages of working with flow rates as low as few nanolitres per minute, a 

nanopipette
8
 or levitated nanodrops as analytical containers

9
. Finally, Analytical 

nanosystems successfully integrate previous two types of systems, by exploiting 

both the nanosize and nanomaterials properties (e.g. individual carbon 

nanotubes for use as electrodes
10

, supramolecular systems that selectively 

recognize an analyte
11

, and the so called lab-on-a-particle
12

).   

How to reach the nanoscale 

Nanomaterials can exist in the environment from a natural source, such as 

organic colloids, magnetite, aerosols, iron oxides, etc. The nanotechnological 

revolution is posed in a change of paradigm in the fabrication of products. Two 

approaches can be used to raise nanosize, namely: i) “Top-down” strategies, 

based on methodologies which achieve nanosize materials from 

macromaterials: nanoparticles are directly generated from bulk materials via the 

generation of isolated atoms usually involving physical methods such as milling 

or attrition, repeated quenching and photolithography
13

; and ii) “Botttom-up” 

strategies, based on the creation of complex nanostructures from atomic or 

molecular functional elements. They comprise molecular components as starting 

materials linked with chemical reactions, nucleation and growth processes to 

promote the formation of clusters. Numerous kinds of nanoparticles have been 

produced by liquid-phase synthesis, using techniques such as co-precipitation 

                                                           
7
 R.A. Brennen, H. Yin. K.P. Killeen, Anal. Chem. 79 (2007) 9302-9309. 

8
 M.G. Schrlau, E.M. Falls, B.L. Ziober, H.H. Bau, Nanotechnology 19 (2008) 15101.  

9
 N. Leopold, M. Haberkorn, T. Laurell, J. Nilsson, J.R. Baena, B. Lendl, Anal. Chem. 75 

(2003) 2166-2171. 
10

 H. Boo, R.A. Jeong, S. Park, K.S. Kim, K.H. Am, Y.H. Lee, J.H. Han, H.C. Kim, T.D. Chung, 

Anal. Chem. 78 (2006) 617-620. 
11

 A. Burns, H. Ow, U. Wiesner, Chem. Soc. Rev. 35 (2006) 1028-1042. 
12

 A.B. Descalzo, R. Martínez-Mañez, F. Sancenon, K. Hoffmann, K. Rurack, Angew. Chem. 

Int. Ed. 45 (2006) 5924-5948.  
13

 G. Cao, Nanosctructures and nanomaterials. Synthesis, Properties & Applicationd. 

Imperial College Press; London (2004). 
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of sparingly soluble products by addition, exchange and reduction reactions, 

oxidation, hydrolysis
14

, sol-gel processing
15

, microemulsions
16

, etc. The latter 

approach is generally considered to be far more promising due to the higher 

level of control offered
17

. Figure I.1.2 shows a scheme of the different strategies 

(“top-down” and “bottom-up”) used to achieve the nanoscale.  

 

 

Figure I.1.2. Scheme of the two approaches employed in the fabrication of nanomaterials: 

“top-down” and “bottom-up”.  

 

                                                           
14

 B.L. Cushing, V.L. Kolesnichenko, C.J. O’Connor, Chem. Rev. 104 (2004) 3893-3946. 
15

 B.G. Trewing, I.I. Slowing, S. Giri, H.T. Chen, V.S.Y. Lin, Accounts of Chemical Research 

40 (2007) 846-853. 
16

 J. Eastoe, M.L. Hollamby, L. Hudson, Adv in Colloids and Interf Sci 128 (2006) 5-15. 
17

 C.X. Zhao, L. He, S.Z. Qiao, A.P.J. Middelberg, Chem. Eng. Sci. 66 (2011) 1463-1479. 
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The added value of nanometric material 

The “nanoscale” has introduced a new scenario where impressive changes in 

physicochemical principles, laws and properties are observed as regards macro 

and micromaterials.  

Two especially significant differences have been described: the surface/volume 

ratios and chemical reactivities of nanostructured matter in comparison to 

macro- and microscale matter. In addition, quantum effects are enhanced by 

effect of the configuration of molecular orbitals (similar to that of atomic 

orbitals), and, as consequence, chemical, optical, electrical, thermal and 

magnetic characteristics are unique on the nanoscale. Such changes have 

shaped the impact of nanotechnology on a number of scientific, technical and 

industrial fields.  

Scientific-technical evolution and limits 

Nanoscience and Nanotechnology unarguably have promising prospects. A 

report of the US National Science Foundation
18

 predicted that a new revolution 

based on the bio-nano-info triangle will shortly surpass the present evolution of 

the computer-info binomial.  

The scientific and industrial impact of Nanoscience and Nanotechnology has 

grown dramatically in recent years. The exponential growth of the number of 

papers on this topic published in the last ten years in the SciFinder and the vast 

amount of economic resources invested in industrial technological 

developments each year
19

 constitute the best support for the brilliant present 

and promising future of Nanoscience and Nanotechnology. It should be pointed 

                                                           
18

 NSF (2001) Societal applications of the nanoscience and nanotechnology. US National 

Science Foundation (NSF), Arlington, VA.  
19

 A. Hullmann (European Commission, DG Research) “The economic development of 

nanotechnology. An indicator based analysis”. Bruselles, 2006.  
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out that there are more than one million of scientific papers published on this 

topic.   

 

Figure I.1.3. Scientific and industrial evolution of Nanoscience & Nanotechnology: (left) 

number of publications per year; (right) millions of euros involved in European 

nanotechnological industry.  

 

The impact of nanotechnology leaves no shadow of doubt. Hassan
20

 

emphasized that the most crucial aspect in this respect is the small things-big 

changes binomial. Analytical chemistry should play a major role in the coming 

advances in N&N, particularly in these aspects: i) the environmental and 

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

well-characterized nanoparticles, iii) the need to address nanometrology, and iv) 

nanomedicine, in the development of biomeasurement nanosystems and the 

characterization and monitoring of nanostructured pharmaceuticals
3
.  

Regarding Analytical Nanoscience and Nanotechnology, the use of 

nanomaterials as analytical tools is the most developed field. Although more 

than one half of reported applications relate to the use of nanoparticles, the 

                                                           
20

 M.H.A. Hassan, Science 309 (2005) 65-66.  
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balance is bound to change over the next few years due to the growing 

significance of the characterization of nanomaterials and the development of 

new instruments based on nanotechnological approaches.  

 

Figure I.1.4. Present situation and trends in the two facets of Analytical Nanoscience and 

Nanotechnology: nanomaterials as analytical tools and analysis of the nanoworld.  

 

Nowadays, the prefix “nano” is opening many doors, which leads to many 

authors misusing it to their advantage. The prefix “nano” should be used in 

connection to nanomaterials, nanostructures and nanodevices that exploit not 

only the size but also the exceptional properties of nanoworld. The same 

happened in the past with other overexploited keywords such as “sensor”. 

Fortunately, this terminological abuse has vanished over time.  

Ethical and social implications 

Nanotechnology has been deemed as a key emerging technology for fulfilling 

the “Grand Challenges of our Time” (Lund Declaration
21

) in areas such as health 

care, energy production, environmental protection and potable water 

procurement. However, it shows two contradictory connotations, namely: the 

                                                           
21

 Lund declaration (2009): 

http://www.vr.se/download/18.7dac901212646d84fd38000336/ (accessed on 

30/07/2013) 
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production of new materials with outstanding mechanical, optical, electric, and 

magnetic properties for a wide variety of uses, which is highly positive; and its 

uncertain effects on human health and the environment, which is highly 

negative
22

.  

There are two major deficiencies regarding the impact of nanotechnology. One 

is that the risks and ethical implications of nanotechnology
23

 in the production 

and industrial domains have not been considered. The other is that, although 

the potential hazards of nanotechnological products has been described, their 

toxicity remains uncertain due to the lack of scientific consensus in many cases.  

Nanoethics, which is the term used to designate ethics in the development of 

nanosized objects, comprises three different fields of study, the former two of 

which are closely related: ecotoxicity, nanotoxicity, and violation of privacy. 

Ecotoxicity is related to the potential environmental damage of nanomaterials, 

whereas nanotoxicity focuses on the effects of nanoparticles on health. 

Assessing the risks of nanomateriales is especially important in nanomedicine, 

where they are used to prevent, diagnose, and treat specific diseases
24

. The 

violation of privacy field is associated with the production of nanosensors. The 

development of new communication technologies may result in an increasing 

invasion of privacity and violation of personal rights
22

.  

Government's concern about this issue is raised, as well as of various prestigious 

scientific and technical organizations. No doubt that this is a pending issue of 

Nanotechnology, which is the key for future consolidation. Recently, an integral 

approach to the social responsibility of Nanoscience and Nanotechnology
22

 has 

been reported, which proposes a framework for conducting responsible 

research in Nanoscience.  

                                                           
22

 E. Caballero-Díaz, B.M. Simonet, M. Valcárcel, J. Nanopart. Res. 15 (2013) 1534. 
23

 G. Hunt, M. Mehta, Nanotechnology risks, ethics and laws. Routledge, Oxford (2006).  
24

 M. Mahmood, D. Casciano, Y. Xu, A.S. Biris, J. Appl. Toxicol. 32 (2012) 10-19.  
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I.2. TYPES OF NANOPARTICLES 

 

According to the IUPAC Glossary of terms, a nanoparticle is a microscopic 

particle whose size is measured in nanometers, often restricted to so-called 

nanosized particles (NPs; < 100 nm in aerodynamic diameter), also called 

ultrafine particles
1
. With the expected increase in the applications of 

nanotechnology, more and more products will be manufactured containing 

components which will fit the commonly used definition of the nanoscale, as 

having a size between approximately 1 and 100 nanometers. These wide 

varieties of nanostructures have been classified in multiple ways in the literature. 

Figure I.2.1 shows the most relevant types of nanostructures in Analytical 

Nanoscience and Nanotechnology classified following four nonexclusive criteria.  

Nanoparticles can be classified as natural, antrophogenic (incidental) or 

engineered in origin
2
 (Figure I.2.1(1)). Nanoparticles belonging to each of these 

groups depending on their source are explained in depth in Chapter 2 of this 

thesis (see section 1.1. of such chapter).   

From a practical point of view it is important to know the homogeneity of the 

nanostructured materials both for scientific studies as well as industrial 

applications. Homogeneity can be referred in terms of chemical composition or 

dimensionality (Figure I.2.1(2)). Identical nanoparticles are those with the same 

chemical composition and dimensions. Contrary, nanoparticles with the same 

                                                           
1
 http://sis.nlm.nih.gov/enviro/iupacglossary/glossaryn.html (accessed on 18/05/2013). 

2
 A.M. Thayer. Chem. Eng. News  86 (2008) 10-15.  
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chemical composition but different dimensions usually present different 

properties.  

 

Figure I.2.1. Classification of nanostructures according to their origin (1), homogeneity 

(2), nature (3) and dimensionality (4). For details, see text.  

 

Concerning the nature or chemical composition of nanostructures those can be 

classified (Figure I.2.1(3)) as inorganic (e.g. noble metal nanoparticles, quantum 

dots, etc.), organic (fullerenes, carbon nanotubes, dendrimers, molecular 

imprinted polymers, etc.) or mixed (gold nanoparticles modified with 

calixarenes, carbon nanotubes functionalized with ferrocene, etc.). In this 

context, there is a growing interest in the development of hybrid nanoparticles, 

which can be defined as well-organized nanomaterials consisting of two or 
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more types of individual nanocomponents
3
. This type of nanoparticles will be 

thoroughly analyzed in Chapter 1 of this thesis.  

The last classification of nanomaterials is based on dimensionality criteria 

(Figure I.2.1(4)). As shown in the Figure, two classifications may be done, taking 

into account both the strict dimensions (in the nanoscale) of the nanostructure 

that give rise to those exceptional properties and the dimensions of the material 

where nanostructures are present.  

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

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

100 nm)
4
, distinguishing three types of nanostructures: i) nanoscale in one 

dimension, such as surfaces with nanometric thickness (e.g. graphene sheets); ii) 

nanoscale in two dimensions, such as carbon nanotubes, inorganic nanotubes, 

nanowires, etc.; iii) nanoscale in three dimensions, which includes metallic 

nanoparticles and their oxides, quantum dots, fullerenes, dendrimers. 

Classification of nanoscale at zero dimensions can also be added, such as 

materials composed by dispersed nanoparticles.  

Other authors
5
 have classified nanostructures depending on the number of 

dimensions which exceed 100 nm, being above the nanoscale, nanostructures 

being thus categorized as 0D, 1D, 2D or 3D. A 0D nanostructure is a material 

with all its dimensions comprised in the nanometric scale (e.g. metallic 

nanoparticles, quantum dots, etc.). Carbon nanotubes are an example of 1D 

nanostructures, which have one dimension of micro/macrometric size, such as 

nanowires or nanorods. 2D nanostructures have two dimensions above 

nanoscale while one of them is below 100 nm. That is the case of surface 

                                                           
3
 A.I. López-Lorente, B.M. Simonet, M. Valcárcel, Anal. Bioanal. Chem. 399 (2011) 43-54.  

4
 http://www.nanotec.org.uk  (accessed on 18/05/2013). 

5
 A. Daniszewska, W. Lojkowski, H. Fecht, K.J. Kurzydlowski, U. Narkiewicz, G.A. Salishchev, 

M.J. Zehetbauer, M. Kulczyk, M. Chmielecka, D. Kuzmenko, Solid State Phenomena 114 

(2006) 345-391.  
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nanocoatings or thin films of molecular monolayers
6
. Finally, 3D nanostructures 

are those whose three dimensions escape from the nanoscale, but the material 

is comprised by a set of nanoparticles forming a block of micro/macrometric 

size (e.g. nanoporous materials, powders).  

Herein, we will focus on engineered nanoparticles, which are employed from an 

analytical point of view as tools or determined in different samples. They have 

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

2.1. Organic nanoparticles 

2.1.1. Carbon nanomaterials 

Graphitic forms include 0D fullerene, 1D CNT and 3D graphite, and the 2D case 

comes to the graphene, a single layer of carbon atoms formed in honeycomb 

lattice.  

Graphene is an open, flat, two dimensional structure composed of carbon atoms 

organized in a network of hexagons attached to each other. This is possible 

owing to sp
2
 hybridization of the carbon atoms present in this sheet. It has a 

large specific surface area and can be easily modified with functional groups, 

especially via graphene oxide. Graphene quantum dots (GQDs), as a new kind of 

quantum dots, have emerged and ignited tremendous research interest. GQDs 

are defined as graphene sheets with lateral dimensions less than 100 nm in 

single-, double- and few- (3 to <10) layers. GQDs show low cytotoxicity, 

excellent solubility, chemical inertia, stable photoluminescence, better surface 

grafting, thus making them promising in optoelectronic devices, sensors, 

bioimaging, etc
7
. 

                                                           
6
 R. Madueño, M.T. Räisänen, C. Silien, M. Buck, Nature 454 (2008) 618-621. 

7
 L. Li, G. Wu, G. Yang, J. Peng, J. Zhao, J.-J. Zhu, Nanoscale 5 (2013) 4015-4039. 
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Another two examples of 0D carbon-based fluorescent nanomaterials are 

diamond nanocrystals (DNs) and carbon dots (CDs), which have also drawn 

numerous attention in recent years. In general, DNs consist of about 98% 

carbon with residual hydrogen, oxygen, and nitrogen, they possess a sp
3
 

hybridized core, and have small amounts of graphitic carbon on the surface. 

Luminescent CDs comprise discrete, quasi-spherical carbon nanoparticles with 

sizes below 10 nm. 

Fullerenes are closed-cage carbon molecules containing pentagonal and 

hexagonal rings. They comprise a wide range of isomers and homologous 

series, from the most studied C60 and C70 to the so-called higher fullerenes like 

C240, C540 and C720. They possess relatively high electron affinity, hydrophobic 

surface and high surface/volume ratio. 

Carbon nanotubes have received special attention ever since their discovery by 

Iijima in 1991
8
. They are tubular in shape and consist entirely of covalently 

bonded carbon atoms. As explained in more detail in Chapter 2 section 1.1., 

they can be described as hollow graphitic nanomaterials comprising one 

(single-walled carbon nanotubes, SWNTs), two (double-walled carbon 

nanotubes, DWNTs) or multiple (multi-walled carbon nanotubes, MWNTs) layers 

of graphene sheets. They possess non-polar bonds and high aspect ratios, 

which make them insoluble in water and facilitated their aggregation.  

Carbon nano-onions (CNOs) are nanoparticles with a diameter between 20-100 

nm composed by several layers of concentric fullerenes and constitute the 

spherical version of MWNTs. They were described by Ugarte
9
 in 1992, although 

few applications have been reported.  

                                                           
8
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Moreover, carbon nanofibers (CNFs) are solid carbon fibers with lengths in the 

order of a few microns and diameters below 100 nm. CNFs differ from CNTs in 

the absence of a hollow cavity, and the diameters of CNFs are generally higher 

than those of the corresponding CNTs
10

. 

Finally, carbon nanocones were first synthesized by vapor condensation of 

carbon atoms on a graphite substrate
11

. The disclination of each structure 

corresponds to the presence of a given number of pentagons in the seed from 

which it grew: disks (no pentagons), five types of cones (one to five pentagons) 

and open tubes (six pentagons). The unique electronic distribution, which is 

provided by these pentagonal rings to the carbon nanocones, results in an 

enhanced local density at the cone apex. One major class of cone structures are 

single-walled carbon nanohorns (SWNHs) with the narrowest opening angle 

with five pentagonal rings in its apex.  

 

 

Figure I.2.2. Main types of carbon-based nanomaterials. Adapted from ref
10

. 

 

2.1.2. Other organic nanomaterials 

Organic polymeric nanoparticles are prepared from polymers and considered 

potential drug delivery devices. Dendrimers are one kind of polymeric 
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 B.-T. Zhang, X. Zheng, H.-F. Li, J.-M. Lin, Anal. Chim. Acta 784 (2013) 1-17. 
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 M.H. Ge, K. Sattler, Chem. Phys. Lett. 220 (1994) 192–196. 
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nanoparticles constructed by the successive addition of layers of branching 

groups.  

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

that are built-in functionalized in order to achieve the complementary 

recognition of a given chemical compound
12

. Although MIP particles can be 

nanometric in size, they usually fall in the micrometric range.  

In addition, an increasing number of diverse nanomaterials are emerging for 

biopharmaceutical applications, such as liposomes, nanomicelles, nanovesicles. 

nanoemulsions, etc
13

.  

2.2. Inorganic nanoparticles 

Inorganic nanoparticles cover a broad range of substances including elemental 

metals, metal oxides and metal salts. Silver nanoparticles (AgNPs) are used in 

many products as bactericide, whereas gold nanoparticles (AuNPs) are explored 

for many possible applications owing their catalytic activity. Both silver and gold 

nanoparticles possess the so-called surface Plasmon owing to the collective 

oscillation of the electrons, which provide them excellent optical properties and 

a large enhancement of the electric field on their surface.  

Quantum dots (QDs) are semiconductor nanocrystals with all three dimensions 

falling in the 1–10 nm size range. In many respects, these luminescent 

nanocrystals constitute a transitional stage between bulk semiconductors and 

single atoms. The QD core is made up of elements from the II–VI (e.g. CdSe, 

CdTe, CdS, ZnSe), III–V (e.g. InP, InAs) or IV–VI (e.g. PbSe) group
14

. They have 

                                                           
12

 F. Kolarov, K. Niedergall, M. Bach, G.E.M. Tovar, G. Gauglitz, Anal. Bioanal. Chem. 402 

(2012) 3245-3252.  
13

 T. Elbayoumi, V. Weissig, J. Biomed. Nanotechnol. 5 (2009) 620-633.   
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aroused widespread interest by virtue of their exceptional optical, electronic, 

electrochemical, photophysical, redox and catalytic properties. 

Nanoparticulate metal oxides are widely used, such as TiO2, Al2O3, ZrO2, MnO 

and CeO2, as well as iron oxides (FeOx) nanoparticles. It should be pointed out 

the increasingly used magnetic nanoparticles, which have been synthesized with 

a number of different compositions and phases, including iron oxides, such as 

Fe3O4 and Ƴ-Fe2O3, pure metals, such as Fe and Co, spinel-type ferromagnets, as 

well as alloys
15

. Moreover, silica nanoparticles (SiO2) are characterized by 

presenting high surface areas and exhibit intrinsic surface reactivity which allows 

chemical modifications
16

.  

Nano-sized zeolite, clays and ceramics are other nanoparticles that have been 

proposed for various applications
17

.  

 

Figure I.2.3. Transmission electron microscopy images of model inorganic nanoparticles, 

namely: Ag, Au, TiO2, Fe3O4, CeO2 NPs. Adapted from ref
18

.  
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2.3. Hybrid nanoparticles 

Hybrid nanoparticles are raising growing interest. In general, hybrid 

nanoparticles can be classified into two different types according to the 

combined properties, namely: i) Properties of the isolated nanoparticles are 

different but complementary, and ii) Properties of the isolated nanoparticles are 

of the same nature but their combination produces important synergistic 

effects.  

Chapter 1 of this Thesis is a review concerning the potential of hybrid 

nanoparticles in Analytical Chemistry.  
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Department of Analytical Chemistry, University of Córdoba. 14071 Córdoba, Spain. 

 

The growing use of nanoparticles in the analytical process in recent years has 

set a new trend towards the simplification of analytical methods and 

improvement of their performance. Miniaturization and nanotechnology have 

allowed new analytical challenges to be met. Hybrid nanoparticles in particular 

possess exceptional properties enabling further improvement of analytical 

methods. Despite the continuous developments in their synthesis and 

characterization, hybrid nanomaterials have scarcely been used in analytical 

chemistry, however. This paper discusses the analytical potential of hybrid 

nanoparticles in terms of their special characteristics and properties, and 

describes their analytical applications. 

 

 

Keywords: Nanoparticles, Nanotechnology, Hybrid nanoparticle, Analytical 

tools 
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1. Introduction 

Nanotechnology has evolved extremely rapidly and expanded into a broad 

variety of areas in the medical, industrial, chemical, and physical fields in recent 

years. One area of particular interest is the synthesis of nanoparticles, which can 

be defined as particles having at least one dimension on the nanosize scale. 

There have been strong endeavors at improving synthetic procedures and 

developing straightforward purification techniques for the production of 

(usually) heterogeneous nanoparticles. In fact, the production of 

multicomponent materials is an important emerging target for nanoscience. 

Combining two materials with different properties in the same particle provides 

a unique hybrid nanoparticle with new functionalities. 

Chemically, nanostructures may be inorganic (silica nanospheres, borazine 

inorganic nanotubes, quantum dots), organic (fullerenes, carbon nanotubes, 

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

modified with calixarenes, carbon nanotubes functionalized with ferrocene, gold 

monoparticles functionalized with cyclodextrines). The nanoparticles addressed 

in this review consist of two different types of materials, so they can be 

considered hybrid nanoparticles. 

Nanoparticles are widely assumed to be smaller than 100 nm in all three 

dimensions. While such is the case with metallic nanoparticles and their oxides, 

for example, the word “nanoparticle” is generally used to refer to particles with 

two or even only one dimension falling off the nanoscale (e.g., carbon 

nanotubes, nanowires, biopolymers). 

The greatest advantage of nanotechnology is a result not only of the small “size” 

of nanoparticles—at least one dimension of which falls in the range 1–100 nm—

but also the exceptional properties they exhibit by virtue of their reduced size. 

Thus, while properties usually vary in a linear manner at the macroscopic level, 
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they change dramatically when the nanoscale threshold is crossed. This is the 

origin of the revolution that nanoscience and nanotechnology have brought 

about. 

2. Intrinsic properties of individual nanoparticles 

This section discusses the main properties of metallic, semiconductor, and 

carbon nanoparticles, which provide the basis for hybrid nanomaterials. 

Nanoparticles are being extensively used by virtue of their exceptional 

properties. The properties of a nanomaterial are strongly dependent on its 

particle size and shape. For example, some properties of nanosized particles are 

a result of asymmetry at the interface or of electron confinement, both which 

vary nonlinearly with particle size. As noted earlier, the nanoscale (1–100 nm) 

encompasses collections of atoms or molecules the properties of which depart 

from those of their individual constituents and the bulk. Since such properties 

depend on the size of particles rather than on the nature of the material, a 

single material can be used to modulate properties in a continuous manner. 

Metallic nanoparticles exhibit fascinating properties that differ markedly from 

those of individual atoms, surfaces, and bulk materials. They are a focus of 

interest for fundamental science and, by virtue of their vast potential in 

nanotechnology, they have been the subject of strong research efforts in a wide 

spectrum of disciplines. Gold nanoparticles have a characteristic red color, 

whereas silver spheres are yellow. The color of nanoparticles is due to collective 

oscillation of electrons in the conduction band, “surface plasmon oscillation”, 

which occurs at a frequency usually in the visible region for gold and silver, and 

results in strong surface plasmon resonance absorption. Gold nanoparticles, for 

instance, are widely used in biomedical imaging and diagnostic tests by virtue of 

the high chemical stability of Au(0) [1] against, for example, cancer [2]. They 

have also been used as catalysts [3] on the grounds of their ability to lower the 

activation energy barriers or increase the rates of some reactions—and the 
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yields of the target products as a result. Also, they have been employed in many 

biological applications [4] and for uses based on the enhanced optical 

properties of nanoparticles such as absorption, fluorescence of chromophores in 

close proximity and nanoparticles themselves, and enhanced Rayleigh scattering 

and surface enhanced Raman scattering (SERS) of adsorbed molecules. 

The excellent electrical, thermal, catalytic, and optical properties of nanosized 

silver colloids (e.g., their ability to sustain resonant collective electron 

oscillations excited in the near-ultraviolet or visible range of the electromagnetic 

spectrum) have aroused much interest in recent years for various potential uses 

(conductors, catalysts, chemical sensors) [5]. Also, silver colloids have been 

tested as conducting inks for inkjet printers. 

Metal oxide nanoparticles are attractive for a large variety of applications 

including catalysis, sensors, (opto)electronic materials, and environmental 

remediation. For instance, titanium dioxide, the optical properties of which are 

governed by its refractive index and grain size, is widely used as a white 

pigment. In fact, TiO2 micrometric particles are generally opaque to visible light, 

whereas smaller (nanosized) particles are transparent to visible light but still 

block UV light. One other important property of TiO2 is its superhydrophobicity, 

which is a result of its near-zero contact angle with water. This has facilitated the 

development of easy-to-clean surfaces and, where a natural source of water 

exists, self-cleaning surfaces [6]. Nanometric silicon dioxide (nano-SiO2), which is 

among the most popular nanomaterials, is used for a variety of purposes 

including industrial manufacturing, packaging, high-molecule composite and 

ceramics production, disease labeling, drug delivery, cancer therapy, and 

biosensor development. 

Iron oxide nanoparticles provide valuable benefits for in vivo biomedical 

applications thanks to their size-dependent superparamagnetism and nontoxic, 

metabolizable nature. Superparamagnetic iron oxide nanoparticles are clinically 
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used as contrast media in magnetic resonance imaging and have been assessed 

for a variety of applications such as magnetic drug delivery, cell tracking, and 

hyperthermia. The particles consist of iron oxide magnetic cores coated with a 

protective layer providing stability and dispersibility, and yet are often found in 

agglomerated forms spanning a wide range of sizes from nanometric to 

micrometric. 

One other important group is that of semiconducting nanoparticles, which have 

their three dimensions in the ca. 1–10 nm size range and are known as quantum 

dots (QDs). Quantum dots are spherical in shape, mostly direct band gap 

materials, and can hold hundreds or thousands of atoms depending on their 

final size. In many respects, these luminescent nanocrystals constitute a 

transitional stage between bulk semiconductors and single atoms. Their 

nanometric size is important in this context as it allows quantum confinement of 

electrons. As particle size decreases below the Bohr radius of a semiconductor 

material, electrons are increasingly confined within particles. This increases the 

band gap energy and causes the valence and conduction bands to split into 

quantized energy levels [7]. Photoluminescence in QDs arises from radiative 

exciton recombination. QDs have a symmetric, narrow bandwidth of ca. 30 nm 

full width at half maximum fluorescence, which enables emission of pure color. 

Since the spectroscopic properties of QDs are size-dependent, they can be 

tuned over a continuum in preparation procedures. The smaller QDs are the 

more blueshifted (hypsochromic) are their absorption and emission. QDs are 

currently being investigated in various fields including biology, electronics, and 

optoelectronics. Applications in these fields have so far relied on various types 

of materials including InP, InAs, GaAs, and GaN, as well as porous Si and Si/Ge 

dots [8]. In addition, the family of II–VI compounds (e.g., ZnS and ZnSe QDs) 

have their absorption and emission spectra restricted to the UV and blue 

regions. In this respect, QDs containing heavier atoms (CdTe, HgSe) and hybrids 
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consisting of PbSe have aroused special interest by virtue of their optical 

properties extending into the near-infrared region.  

As regards carbon nanoparticles, carbon nanotubes (CNTs) have received 

special attention from scientists ever since their discovery [9]. Carbon nanotubes 

belong to the fullerene family of carbon allotropes. They are tubular in shape as 

implied by their name and consist entirely of covalently bonded carbon atoms. 

CNTs possess nonpolar bonds and high aspect ratios (length-to-diameter 

ratios), which makes them insoluble in water and facilitates their spontaneous 

aggregation. This tendency to aggregate, together with their high flexibility, 

enhances their ability to bundle and close-pack. CNTs are adequately soluble 

only in a limited number of solvents such as dimethylformamide, 

dimethylacetamide, and dimethylpyrrolidone [10]. Also, they can be covalently 

functionalized [11]. In general, CNTs are not especially reactive, but can be made 

to react under strong chemical conditions (e.g., by incorporating hydroxyl or 

carboxyl groups onto their side walls) [12]. Single-walled nanotubes (SWNTs) 

possess a good surface area-to-volume ratio. The fact that they contain no 

atoms in their lumina, together with their excellent van der Waals physisorption 

properties, make them especially good candidates for gas filtration, sensing, and 

energy storage devices [13]. CNTs exhibit excellent thermal stability in inert 

atmospheres, where they remain stable at temperatures up to 1,200°C, and 

possess a π complex both above and below the plane containing the carbon 

atoms that is the origin of their high electron mobility and electrical conductivity 

[14]. Also, they are plastic and more elastic than carbon steel, and can carry 

large electric currents for their size with minimal resistance. 

C60 fullerenes are another type of carbon nanostructure possessing unique 

surface properties for use in analytical chemistry. Fullerenes comprise a wide 

range of isomers and homologous series from the most widely studied C60 or 

C70 to the so-called higher fullerenes (C240, C540, and C720). Ever since 
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buckminsterfullerene C60 was first reported [15], a wide variety of analytical 

applications of fullerenes have been reported including their use as 

chromatographic stationary phases [16], sorbents for solid-phase extraction 

[17], electrochemical sensors [18], and electron mediators [19]. Worth special 

note among their properties is their relatively high transition temperature (33 K 

for C60), which makes them suitable for superconductivity studies [20]. One 

other interesting property of fullerenes and fullerene-like materials is their 

photoactivity, which makes them potentially useful for solar energy conversion. 

The biological potential of fullerenes has attracted increasing attention despite 

the low solubility of carbon spheres in physiological media. In fact, the unique 

characteristics of fullerenes make them promising candidates for use in 

biological applications. 

In addition to CNTs and C60, nanodiamond has aroused growing interest in the 

last few years. This form of diamond carbon has recently come into focus as a 

new potential material for quantum engineering, biological and electronic 

applications, as well as in composite materials. Nanoscale diamond, which can 

be obtained by detonating some explosives [21], possesses a variety of surface 

functionalities that can be used to adsorb or graft functional groups or much 

more complex moieties (e.g., proteins, DNA) onto the diamond surface. 

Nanoscale diamond particles have recently been used in a variety of biological 

applications. Newly developed production, purification, and functionalization 

techniques have enabled their use in a number of ways. In addition, their 

apparently low cytotoxicity makes them an attractive alternative to other, widely 

used nanoparticles such as cadmium-containing quantum dots [22]. 
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3. Hybrid nanoparticles 

3.1. Definition and classification 

Hybrid nanoparticles can be defined as well-organized nanomaterials consisting 

of two or more types of individual nanocomponents (Fig. 1). The 

nanocompounds integrating hybrid nanoparticles can be bound via 

organic/inorganic molecular bridges or directly attached to one another. For 

example, two quantum dot nanoparticles can be attached via a dithiol 

compound or a quantum dot in order to facilitate nucleation and crystal growth 

on a CNT surface. Apart from the special type of bonding between the 

nanocompounds, the exceptional properties of hybrid nanoparticles are due to 

the highly organized arrangement of the nanoconstituents. 

One major goal in materials science is the preparation of an artificially designed 

structure of nanoparticles with new properties. Nanoparticles possess excellent 

properties that can be boosted or supplemented by combining two or more 

types of materials into a hybrid nanocomposite. Well-defined ordered solids 

prepared from tailored nanoparticles have provided new opportunities for 

optimizing the properties of materials and exposed interesting, potentially 

useful new collective physical phenomena. Combining two different types of 

nanoparticles may (a) produce a synergistic effect leading to a combination or 

improvement of the properties of the two nanomaterials or (b) allow the 

individual exploitation of the properties of one or both materials. This 

distinction is probably the most analytically useful. For example, a gold 

nanoparticle coated with a nanometric layer of silica possesses the typical 

optical properties of gold nanoparticles and the chemical properties of silica as 

regards stability. This is a clear example of the combination of properties from 

the two nanoconstituents. On the other hand, silver nanoparticles attached to 

quantum dots combine the intrinsic electromagnetic field of each 
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nanoconstituent, which results in a hybrid nanoparticle with an increased activity 

in SERS. There is thus a synergistic effect. 

Although synergy and complementariness between nanoparticles have scarcely 

been exploited, they can provide a promising area for research. This section 

describes selected types of hybrid nanoparticles and their applications. 

 

 

Figure 1. Classification of hybrid nanoparticles according to three different criteria 

 

3.2. Main types of hybrid nanomaterials 

3.2.1. Noble metal–magnetic nanoparticle hybrids 

Some noble metals have been used in combination with magnetic materials in 

order to improve the SERS signals for some molecules. Kim et al. [23] developed 

a one-step fabrication process for Ag-deposited Fe2O3 particles. The amount of 

Ag deposited onto iron oxide can be adjusted simply by varying the mole ratio 

of AgNO3 to butylamine. The Ag@Fe2O3 particles thus prepared were readily 

recovered from the solution phase by means of a magnet. The magnetic 

particles were irregularly shaped before and after silvering at a 1:1 mole ratio of 
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Ag
+
 to butylamine. For silver deposition, the Fe2O3 particles were dispersed in a 

reaction mixture consisting of ethanolic AgNO3 and butylamine (Fig. 2). 

 

 

Figure 2. Schematic depiction of a novel one-step fabrication procedure for Ag@Fe2O3 

particles by soaking Fe2O3 in ethanolic solutions of AgNO3 and butylamine, and of their 

use as SERS substrates for the analysis of various model compounds. The insets show the 

individual Fe2O3 particles before and after Ag deposition, respectively. 

 

Magnetic/gold composites prepared in various ways have also been reported. 

Thus, Lin et al. [24] used inverse micelles to form crystalline iron cores, 

treatment of which with chlorauric acid and sodium borohydride provided gold-

coated iron. Stoeva et al. [25] synthesized three-layer nanoparticles ca. 200 nm 

in diameter containing a Fe2O3 layer between a SiO2 core and an outer gold 

shell in a two-phase process. Once in the aqueous phase, the particles were 

functionalized with oligonucleotides and shown to reversibly bind via DNA 

hybridization. Wang et al. [26] followed a similar synthetic route to obtain iron 

oxide/gold core/shell nanorods with a final length of 250 nm. 
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Hou et al. [27] reported a SERS substrate consisting of magnetic Fe3O4 and Au 

nanoparticles. Figure 3 shows scanning electron microscopy (SEM) images of 

the Fe3O4 nanoparticle modified substrate, and the Fe3O4 and Au nanoparticle 

co-modified substrate. Fe3O4 nanoparticles organize as a uniform, compact 

surface when dropped on glass. By virtue of their relatively small size, Au 

nanoparticles added onto a surface consisting of Fe3O4 nanoparticles spread 

gradually onto it to form a new active surface. 

 

Figure 3. SEM images of a Fe3O4 nanoparticle modified surface (a), and Fe3O4 and Au 

nanoparticle co-modified surface (b). Adapted, with permission, from Ref. [27] 

 

Arruebo et al. [28] developed a synthetic method for antibody-conjugated 

superparamagnetic nanoparticles with an inorganic shell. The nanoparticles 

consisted of an inner iron oxide core coated with a silica shell that was in turn 

functionalized with amine or carboxyl groups and covalently bonded to a 

monoclonal antibody (anti-hCG; hCG = human chorionic gonadotropin) for use 

as enhanced contrast agents in magnetic resonance imaging applications. 

Microscopically, the product appears as a relatively homogeneous collection of 

nanoparticles of average size 80 nm consisting of an iron oxide core 

encapsulated in a microporous silica shell (Fig. 4). 
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Figure 4. Energy-filtered transmission electron microscopy (EFTEM) color map showing 

the iron (red) atomic distribution (in this case, forming the Fe3O4 nanoparticles), and the 

silicon (green) distribution, as part of the shells. Adapted, with permission, from Ref. [28] 

 

3.2.2. Carbon nanotube-based magnetic nanoparticles 

Magnetic carbon nanotube composites are hybrids of magnetite (Fe3O4) and/or 

maghemite (γ-Fe2O3) with single-walled (SWCNTs) or multiwalled carbon 

nanotubes (MWCNTs) [29]. These composites combine the unique optical, 

electrical, and mechanical properties of carbon nanotubes (CNTs) with the 

paramagnetic or ferromagnetic properties of magnetic nanoparticles (MNPs) at 

room temperature. This has enabled their use as tips for magnetic force 



 

49 

49 

 

Capítulo 1 

 

 
 

49 

microscopes, separators in wastewater treatment, biosensors, drug delivery 

systems, and biomanipulators. These hybrid nanoparticles have been obtained 

with a variety of synthetic methods [30–32] and can be rapidly isolated from the 

dispersion with the aid of an external magnetic field (117.7 N). No free MWCNTs 

remain in solution after the magnetic field is applied to the side wall of the 

vessel, which can be especially useful for analytical purposes. No spectral 

differences between MWCNT and MWCNT–MNP composites have been 

detected; this reflects the dominance of the properties of CNTs in the hybrid 

material, which, however, exhibits magnetic properties not present in the pure 

MWCNTs.  

 

Figure 5. SEM images of the nanoparticles at the micrometric scale, and detail at the 500-

nm scale, of an MWCNT–MNP composite. Adapted, with permission, from Ref. [29] 

 

Figure 5 is a micrograph of an MWCNT–MNP composite material. The detailed 

views (500-nm scale) clearly reveal that the MNPs attach onto nanotube 

surfaces and look like nodes growing from the tubes. MNP–CNT binding in the 

composite is strong enough to resist applied mechanical energy such as that of 

manual shaking or sonication. The overall tubular structure of the MWCNTs 

remains intact after in situ decoration. Because the nanotubes are not 

completely covered, the composite can be expected to possess sorption 

properties of both MNPs and MWCNTs. 
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3.2.3. Magnetic nanoparticle–quantum dot hybrids 

Some hybrid nanosystems of this type allow multimodal imaging. Magnetic 

nanocrystals and quantum dots have been extensively used in the biomedical 

field as contrast enhancement agents in magnetic resonance imaging, magnetic 

carriers for drug delivery systems, biological labels, and diagnostic media. 

Formulations containing quantum dots (QDs) and magnetic iron oxide 

nanoparticles (MNPs) provide a means for simultaneous fluorescence optical 

imaging and magnetic resonance imaging (MRI). Park et al. [33] obtained long-

circulating, micellar hybrid nanoparticles (MHNs) containing MNPs, QDs, and 

the anticancer drug doxorubicin (DOX) within a single poly(ethylene glycol) 

(PEG)–phospholipid micelle (Fig. 6) and  provided an example of simultaneous 

targeted drug delivery, and of dual-mode near-infrared (NIR) fluorescence 

imaging and MRI of diseased tissue, both in vitro and in vivo. In vitro studies 

have shown that drug molecules and MNPs can be effectively incorporated 

within micelles in order to confirm drug delivery by MRI [34, 35]. Also, micellar 

preparations containing single-component nanomaterials such as QDs and 

carbon nanotubes have proved stable enough for in vivo use [36, 37]. 

  

 

Figure 6. Synthetic procedure used to prepare micellar hybrid nanoparticles for 

encapsulating magnetic nanoparticles and quantum dots within a single PEG-modified 

phospholipid micelle. Adapted, with permission, from Ref. [33] 
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Yi et al. [38] developed similar hybrid nanoparticles. Thus, they synthesized a 

novel water-soluble hybrid material consisting of quantum dots (QDs) and 

magnetic nanoparticles (MNPs) encapsulated in a silica shell. Kim et al. [39] 

prepared monodisperse magnetite (Fe3O4) nanocrystals embedded in 

mesoporous silica spheres, as well as magnetite nanocrystals and CdSe/ZnS 

quantum dots embedded in mesoporous silica spheres. The spheres were used 

for the uptake and controlled release of drugs. 

Sathe et al. [40] developed silica microbeads embedded with both 

semiconductor quantum dots (QD) and iron oxide (Fe3O4) nanocrystals as a new 

class of dual-function carriers for optical encoding and magnetic separation. The 

embedding (doping) process involves simultaneous or sequential addition of 

quantum dots and iron oxide (Fe3O4) nanocrystals in solution. The procedure is 

expeditious and quantitative; however, incorporation of the iron oxide strongly 

attenuates the signal intensity of QD fluorescence. This is not the result of 

conventional fluorescence quenching, but rather of the broad optical absorption 

spectrum for mixed-valence Fe3O4. For improved biocompatibility and reduced 

nonspecific binding, the encoded beads can be further coated with amphiphilic 

polymers such as octylamine poly(acrylic acid). On the basis of the results, the 

polymer-coated beads are well suited to target capturing and enrichment as 

they provide magnetic separation efficiencies above 99%. The combination of 

the multiplexing capabilities of QDs and the superparamagnetic properties of 

iron oxide nanocrystals is expected to make these encoded beads useful for a 

number of high-throughput and multiplexed biomolecular assays. 
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Figure 7. Thiol- and carboxy-modified γ-Fe2O3 beads reacted with CdSe/ZnS QDs to form 

luminescent/magnetic nanocomposite particles. Adapted, with permission, from Ref. [41] 

 

Wang et al. [41] synthesized nanocomposite nanoparticles consisting of 

polymer-coated γ-Fe2O3 superparamagnetic cores and a CdSe/ZnS quantum dot 

(QD) shell. A single layer of QDs was bound to the surface of thiol modified 

magnetic beads through thiol–metal bonds to form luminescent/magnetic 

nanocomposite particles (Fig. 7). A threefold decrease in luminescence quantum 

yield for the luminescent/magnetic particles and a slight blue shift in their 

emission peaks compared to individual luminescent QDs were observed. 

However, the particles were bright and easily observed under a conventional 

fluorescence microscope. In addition, no apparent broadening of the 

luminescence peak for the QDs was observed. These nanoparticles might be 

useful in a variety of bioanalytical assays involving luminescence detection and 

magnetic separation. 

3.2.4. Quantum dot–carbon nanotube hybrids 

Some novel strategies aimed at altering the physical properties of CNTs by 

surface modification with organic, inorganic, and biological species have been 

developed in recent years. These functional CNT-based composites may open 

up eminent prospects for new applications in a wide variety of areas. One is the 

binding of semiconductor nanocrystals to CNTs. Combining quantum dots 

(QDs) with carbon nanotubes (CNTs) is expected to produce composite 
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materials blending the selective wavelength absorption capabilities of the 

former with the charge transfer and efficient electron transport capabilities of 

the latter. CdSe(SWCNT) nanocomposites [42] have been found to exhibit a high 

quantum yield and long lifetime relative to fluorescent molecules, and also to 

disperse highly efficiently in aqueous media; however, covalently attaching a 

fluorescent molecule to a CNT has the disadvantage that it causes a rapid decay 

of the lifetime and reduces the quantum yield of the fluorescent label. 

Single amine-functionalized CdSe quantum dots have been coupled to 

individual acid chloride modified singlewalled carbon nanotubes via amide 

bonds [43]. For SWNTs less than 200 nm long, QDs were bound at nanotube 

ends; longer nanotubes, however, exhibited signs of sidewall attachment. The 

number of QDs bound per nanotube can be relatively efficiently controlled by 

adjusting the quantum dot/nanotube mass ratio. These quantum dot–nanotube 

complexes may provide the basis for future nanoelectronic devices. 

Various types of QD–CNT composites have so far been reported including CNT–

QD junctions using CdSe in ozonized CNTs [44, 45], CNT/CdS core-shell 

nanowires produced by chemical reduction, and heterojunctions of amine-

terminal ZnS-coated CdSe/ZnS on acid-oxidized CNTs [46]. The electronic 

interaction between the CNTs and the external active semiconductor layer is 

believed to be of the same importance since it plays a crucial role in 

constructing optoelectronic devices. One of the main drawbacks of covalently 

attaching a fluorescent molecule to a CNT is the rapid decay of the lifetime and 

reduced quantum yield of the fluorescent label. This problem can be overcome 

by using quantum dots, which are superior substitutes for organic fluorescent 

molecules. Ravindran et al. [47] reported the controlled synthesis of multiwalled 

carbon nanotube–quantum dot (CNT–QD) heterojunctions by using the 

ethylene carbodiimide coupling procedure (EDC). Thiol-stabilized ZnS-capped 

CdSe quantum dots containing amino terminal groups (QD–NH2) were 



 Bloque I. Introducción 

 

 
 

54 

conjugated with acid-treated multiwalled carbon nanotubes (MWCNTs) ranging 

from 400 nm to 4 μm in length. 

3.2.5. Quantum dot–metal nanoparticle hybrids 

Quantum dots have also been attached to TiO2 nanoparticles [48]. The 

observation of efficient electron injection from photoexcited CdS QDs into TiO2 

nanoparticles, leading to the formation of long-lived charge-separated states, 

has provided further evidence that these materials may find application in QD-

sensitized solar cells or QD sensitized photocatalysts. TiO2 nanoparticles have 

also been attached to CNTs via controlled hydrolysis and condensation of 

titanium bis(ammonium lactate)dihydroxide in water [49]. 

3.2.6. Fullerene–metal nanoparticle hybrids 

Gold/C60(/C70) nanoclusters have been fabricated [50] in order to improve the 

Raman spectra of fullerenes via the SERS effect of the metal. In fact, the surface 

enhanced resonance resulting from the presence of Au was found to facilitate 

detection of fullerenes. Gold/C60 (/C70) nanoclusters were deposited onto floppy 

disk and hard disk pieces, using pyridine as transfer solvent. The floppy disk or 

hard disk piece, as a new and effective substrate for SERS, provided a plank for 

C60/C70 molecules to adsorb on the gold nanoparticles. 

The properties of nanoscale materials have been boosted with the development 

of semiconductor/semiconductor [51], metal/metal, and metal/semiconductor 

hybrids. Mokari et al. [52] prepared a metal/semiconductor material by using a 

simple method for the selective growth of gold tips on the apexes of colloidal 

semiconductor nanorods and tetrapods. This combination endows 

nanostructures with new functionalities the most important of which is the 

formation of natural anchor points that can serve as a recognition element for 

directed self-assembly and for imprinting onto electrical circuitry. A transition 
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from two to one-sided gold growth was observed at increased gold 

concentrations. Zhao et al. [53] developed a metal/semiconductor hybrid 

material consisting of Au/TiO2 nanoparticles. 

3.2.7. Core-shell bimetallic nanoparticles 

Core-shell bimetallic nanoparticles have received considerable attention on 

account of their special photochemical and photophysical properties [54]. One 

important example is bimetallic Au/Pd nanoparticles, which exhibit improved 

catalytic activity as compared to monometallic mixtures of Pd and Au 

nanoparticles [55]. There are also Ag@TiO2 nanoparticles [56], Au/TiO2 hybrid 

nanoparticles in silicate film [57], water-soluble silica/PAAc hybrid nanoparticles 

embedded with silver QDs [58], water-soluble SiO1.5/TiO2 hybrid nanoparticles 

[59], gold@silica- and magnetite@silica- type nanoparticles obtained by 

embedding Au nanoparticles protected by captopril or magnetite nanoparticles 

protected by alanine into larger silica nanoparticles [60], and high-density Au/Pt 

hybrid nanoparticles supported on a silica nanosphere [61] (Au-Pt/SiO2). 

Metallic iron nanoparticles have been synthesized within micron-sized 

mesoporous molecular sieves with 2.9-nm pores and hollow silica microcapsules 

with pores 2.7 or 15 nm in size [62]. 

Kim et al. [63] demonstrated the co-encapsulation of magnetic (Fe2O3 and 

Fe3O4), semiconductor (CdSe/ZnS), and metal (Au) nanoparticles in various 

combinations to form multicomponent micelles that retained the distinct 

properties of the precursor particles. 

The preparation of core-shell nanoparticles, in which the core of the particle is 

inorganic and the shell is an organic polymer, has been the subject of much 

research inasmuch as it allows different properties to be combined in one 

particle by adjusting the composition of the core and shell [64]. The core often 

shows the relevant property while the shell helps to stabilize the core, make it 



 Bloque I. Introducción 

 

 
 

56 

compatible with the environment, promote hydrocarbon dispersion [65], or alter 

the charge, functionality, or reactivity of a surface [66]. The organic polymer 

shell dictates the chemical properties of such materials and their interaction with 

the environment, whereas the size and shape of the inorganic core, and the 

surrounding organic layer, govern their physical properties [67]. The resulting 

nanocomposites have found wide use in coatings, adhesives, optics, and 

electronics, as well as in biomedical and environmental applications [68]. 

3.2.8. Carbon nanotube–metal nanoparticle hybrids 

A simple approach to decorating carbon nanotubes (CNTs) with silver 

nanoparticles (Ag-NPs) was developed to enhance the electrical conductivity of 

CNTs [69]. To this end, nanotubes were functionalized with ball milling in the 

presence of ammonium bicarbonate, followed by reduction of silver ions in N,N-

dimethylformamide, which produced silver-decorated CNTs. The resulting 

Ag@CNTs were used as conducting filler in epoxy resin in order to produce 

electrically conducting polymer composites. The electrical conductivity of 

composites containing 0.10 wt% Ag@CNTs was more than four orders of 

magnitude higher than that of composites containing the same amount of 

pristine and functionalized CNTs, which confirms the advantage of Ag@CNTs as 

an effective conducting filling material. 

Ag-coated CNT hybrid nanoparticles (Ag/CNTs) have been also prepared by 

ultrasonic irradiation of dimethylformamide (DMF) and silver(I) acetate 

precursors in the presence of CNTs [70]. A study of antibacterial activity in Ag-

coated CNTs, commercial Ag, neat Nylon-6, and plain CNTs revealed that nylon 

nanocomposite fibers infused with Ag-coated CNTs possess substantial activity. 

New nanoscale photocatalysts based on silver and CNTs/TiO2 have been 

successfully prepared by photoreduction [71]; the presence of Ag nanoparticles 

was found to increase the photocatalytic efficiency of CNTs/TiO2 and the 

photocatalysis reaction to follow a first-order kinetics. 
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4. Analytical applications of hybrid nanoparticles exploiting synergy 

between their nanoconstituents 

Ag-deposited Fe2O3 particles [23] have proved efficient SERS substrates for the 

vibrational spectroscopic characterization of molecular adsorbates prepared 

similarly on silver surfaces. Using benzenethiol as a model compound revealed 

that the SERS activity of the Ag@Fe2O3 particles is greater than that of the 

commercially available μAg powders by a factor about 3×10
6
. Since the 

magnetic particles are readily isolated from the solution phase without 

centrifugation and/ or filtering, the resulting SERS-active magnetic particles can 

be especially useful for the Raman spectroscopic analysis of organic species in 

aqueous solutions. 

The Fe3O4 and Au nanoparticle co-modified substrate developed by Hou et al. 

[27] allowed a high-quality SERS spectrum of C60 to be obtained. Gold 

nanoparticles are known to exhibit good SERS activity for fullerene molecules 

and it is impossible to obtain an SERS spectrum for C60 simply with a Fe3O4 

nanoparticle modified surface or a bare glass surface. Dropping Au 

nanoparticles onto a magnetic surface consisting of Fe3O4 nanoparticles allows 

more extensive information to be obtained from the SERS spectrum derived 

from the co-modified substrate (Fig. 8). On reaching the Au nanoparticle 

surface, the laser produces an excited localized surface plasmon that creates a 

high local electromagnetic field in the vicinity of the Au nanoparticles. 

Introducing Fe3O4 nanoparticles onto the substrate leads to their coupling with 

Au nanoparticles around them by virtue of their unique magnetism. Through 

magnetic coupling, Fe3O4 and Au nanoparticles interact in a number of ways. 

Possibly, the magnetic Fe3O4 nanoparticles play a prominent role in magnifying 

the local electromagnetic field near the Au nanoparticle surface through their 

mutual interaction. This effect cannot be achieved with conventional single 

noble metal nanoparticles. The magnetic Fe3O4 nanoparticles have a 
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concomitant impact on the electron cloud distribution of adsorbed C60 

molecules. This reduces the symmetry of C60 molecules and increases the 

number of vibrational modes observed in the SERS spectrum. 

 

 

Figure 8. (a) Sketch maps for the SERS mechanism on an Au nanoparticle modified 

substrate and (b) a Fe3O4 and Au nanoparticle co-modified substrate. Adapted, with 

permission, from Ref. [27]. 

 

Core-shell Au@Pd nanoparticles have been prepared by chemical deposition of 

Pd on preformed gold seeds of variable size [72]. Worth special note here is the 

ability to modify the entire surface of the gold seeds with a thickness 

controllable, pinhole-free Pd shell as thin as one monolayer. This provides an 

effective method for using Au@Pd nanoparticles to enhance SERS activity to 

practical levels by optimizing the shell thickness and core size while preserving 

the properties of the shell metal and avoiding potential interferences from the 

core metal underneath. Experimental results indicate that the underneath SERS 

active Au core further enhances the SERS signals for adsorbates such as CO on 

the one or few Pd layers by more than two orders of magnitude through long-

range electromagnetic interactions. 

Semiconductor QDs have a great potential as future photonic materials, 

provided some hindrances are overcome [43]. For example, the quantum 

efficiencies of hybrid conducting polymer–QD light-emitting devices (LEDs) are 
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in the region of 0.25%. The relative inefficiency of these QD devices is largely 

due to the difficulty in effectively transferring charge carriers into (LEDs) or away 

from (solar cells) the CdSe nanoparticles constituting the device. On the other 

hand, the unique electrical transport properties of carbon nanotubes suggest 

that they can have many advantages over conventional materials for use as 

superior nanometer-scale wires. Raising the efficiency of QD devices to practical 

levels will require the development of effective techniques to facilitate direct 

charge transport to quantum dots. For example, attachment of conducting 

SWNTs to CdSe QDs can be used to bring a metallic wire into direct chemical 

contact with a quantum dot surface and the resulting metallic SWNT could then 

promote direct charge transport and efficient charge transfer to the quantum 

dot. This system has the potential to significantly increase the efficiency of the 

device. 

The addition of small amounts of dodecylamine-capped Au nanoparticles into 

the active layer of organic bulk heterojunction solar cells consisting of poly(3-

octylthiophene) (P3OT) and C60 was recently suggested to have a positive impact 

on performance through improved electron transport [73]. The performance of 

the poly(3-hexylthiophene) P3HT/ [6,6]-phenyl C61-butyric acid methyl ester 

(PCBM) solar cells was found to be degraded by the addition of Au particles to 

the active layer, which is therefore an unsuitable strategy for the P3HT/PCBM 

system. 

Electrochemical storage of hydrogen in Ag–CNT electrodes was studied with the 

potentiostat/galvanostat method [74]. Using foamed silver as a mattress for the 

CNTs improved connections between the nanotubes and metal, thereby leading 

to an increased hydrogen storage capacity caused by the effect of two 

competitive phenomena: (a) realignment of the CNTs and (b) oxidation of the 

electrode surface. 
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5. Analytical applications of hybrid nanomaterials combining selected 

properties of their nanoconstituents 

Magnetic nanoparticles and nanocomposites have been the subject of both 

fundamental and applied research [75] even though they lack the surface 

tunability required for biocompatible applications. Coating magnetic particles 

with a gold shell provides an intriguing class of biomaterials with the potential 

to overcome this drawback since the well-established surface chemistry and 

biological reactivity of gold can be used to endow magnetic particles with the 

desired chemical or biomedical properties [76]. As illustrated in Fig. 9, the 

immobilization of antibodies on gold-coated magnetic nanoparticles and the 

subsequent recognition of specific antigens provide an effective means for the 

separation of proteins under a magnetic field. Similar strategies can also be 

used for DNA separation. Lim et al. [77] reported the surface functionalization of 

highly monodispersed Au nanoparticles and magnetic nanoparticles coated with 

gold shells (M/Au) by proteins and spectroscopic labels, e.g., protein A (A), anti-

rabbit IgG (Ab), and bovine serum albumin (BSA), and Raman labeling, e.g., 11-

mercaptobenzoic acid (L, MBA), for the production of SERS nanoprobes. 

 

 

Figure 9. Idealized illustration of bio-recognition using labeled magnetic M/Au 

nanoparticles, and of protein separation by application of a magnetic field. Adapted, with 

permission, from Ref. [77]. 
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Arruebo et al. [28] developed various types of inorganic (silica) coated magnetic 

nanoparticles to exploit their major advantages as contrast agents for magnetic 

resonance imaging applications. The silica shell provided a biocompatible, 

nontoxic coating, as well as a hydrophilic surface that helped to delay 

nanoparticle clearance by macrophages in the reticuloendothelial system. 

Silanol groups on the silica coating provide many possibilities for surface 

functionalization. The silica shell helps to avoid electrostatic agglomeration; 

because the isoelectric point of silica is reached at pH 2–3, silica nanoparticles 

exhibit significant negative surface charge at blood pH. 

Morales-Cid et al. [29] synthesized hybrid magnetic–carbon nanotube 

nanoparticles for the preconcentration of (fluoro)quinolones in human plasma. 

Since the sorption properties of the magnetic nanoparticles by themselves failed 

to ensure reliable sample preparation, the authors tested an alternative material 

capable of efficiently adsorbing aromatic compounds (carbon nanotubes, which 

can also be used in combination with MNPs). They chose to use MWCNT in 

preference to SWCNT in order to obtain an effective hybrid material (a 

composite) in terms of adsorption on the grounds that MWCNTs possess a 

higher adsorption capacity than do SWCNTs [78]; that MWCNTs are less prone 

to aggregating [79]; and that MWCNTs are more widely used for solid-phase 

extraction (SPE) than are SWCNTs [80]. This hybrid nanomaterial combines the 

magnetic properties of MNPs at room temperature and the extremely high 

sorption capacity of MWCNTs. This advantage could therefore be used for the 

convenient, effective sampling and clean-up of the target components in a 

single step, even from a complex matrix. The recoveries obtained by using the 

composite to treat the analytes in a standard solution were better than those 

obtained with MNPs and MWCNTs alone, which suggests that both materials 

contribute similarly to the adsorption characteristics of the composite. Also, the 

magnetic MWCNTs exhibited a lower sedimentation rate and less marked 

aggregation by virtue of their net-like structure. Using a sorbent phase with 
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magnetic susceptibility has the advantage that it facilitates separation of the 

solid material from the solution by means of an externally applied magnetic 

field, which can considerably simplify sample preparation procedures. 

SWNT–QDs hybrids were used to determine trace levels of polycyclic aromatic 

hydrocarbons (PAHs) in water [42]. Some analytes including pyrene, 

benzo[a]pyrene, benzo[a]anthracene, and perylene exhibited a dramatic 

increase in intrinsic fluorescence in the presence of the metallic nanoparticles. 

The concomitant increase in intrinsic fluorescence of the analytes and decrease 

in the typical fluorescence of CdSe—which was only observed when using 

photoactivated nanoparticles—can be ascribed to a fluorescence resonance 

energy transfer (FRET) process. Such a process originates from energy transfer 

from the nanoparticles to the analyte energy levels being much faster than 

fluorescence generation by the former. Because the FRET rate depends very 

strongly on the distance between the donor and acceptor, only those acceptor 

analyte molecules in close proximity to the donor QDs will take part in the FRET 

process. For this reason, the main constraint on the development of effective 

strategies based on the use of QDs as FRET donors is that if the QD site–

acceptor distance is greater than the Förster radius then the FRET efficiency will 

be very low. Accordingly, the more marked increase in acceptor fluorescence 

observed with SWCNT(CdSe) can be probably ascribed to adsorption of the 

analyte (acceptor) onto the CNT surface bringing the acceptor and donor (CdSe) 

closer, and raising the FRET efficiency as a result. The broader absorption 

spectrum for SWCNT(CdSe) and high excitation cross sections are the most 

likely origins of the extensive spectral overlap and high FRET efficiency. These 

nanocomposites may open up new prospects for developing nanosensors 

inasmuch as they combine the exceptional optical properties of QDs with the 

also exceptional sorption capabilities of carbon nanostructures. 
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In micellar hybrid nanoparticles containing MNPs, QDs, and the anticancer drug 

DOX within a single PEG-modified phospholipid micelle [33], the strong 

interaction of hydrophobic chains in PEG–phospholipids with hydrophobic 

chains attached to the MNPs and QDs was found to increase dispersibility and 

stability for in vitro and in vivo applications. Increasing the ratio of MNPs to QDs 

within a micelle was found to decrease the fluorescence intensity from the MHN 

assembly with no significant spectral shift or line broadening in the emission 

spectrum. The loss of fluorescence intensity can be ascribed to a reduced 

number of QDs per micelle and to optical absorption by the MNPs. In addition, 

the proximity of MNPs and other QDs in the MHNs is likely to have caused 

fluorescence quenching through nonradiative energy or charge transfer. Despite 

the quenching effect observed, the fluorescence was strong enough to enable 

the detection of MHNs at subnanomolar QD concentrations. These inorganic 

QDs containing hybrid systems can be excited and observed with high 

photostability in the NIR spectral region, which is a substantial advantage over 

MNPs labeled with organic fluorophores. MHNs retain the superparamagnetic 

characteristics of individual MNPs. Thus, they are detectable by both MRI and 

fluorescence at submicromolar Fe and subnanomolar QD concentrations, which 

testifies to their usefulness for bimodal applications. Simultaneous dual-mode 

diagnosis and therapy with this type of hybrid system may enable more 

effective early detection and treatment of various types of cancer. 

Another example of the combination of magnetic nanoparticles with quantum 

dots was reported by Wang et al. [41], who synthesized water-soluble 

nanocomposite particles consisting of a magnetic core (γ-Fe2O3) and a shell of 

luminescent quantum dots (CdSe/ZnS QDs). The material was water soluble, 

exhibited a high emission quantum yield, and was easily separated from 

solution by means of a permanent magnet. An increase in excited state lifetime 

ascribed to quenching interactions between the magnetic nanoparticles and the 

luminescent QDs, or between the close packed QDs, was observed. The drop in 
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the emission quantum yield could also be ascribed to the solvent change and to 

potential changes in electron density on the surface of the QDs caused by their 

immobilization onto the magnetic particles, which might allow electrons to leak 

to the surface of the dots and to the polymer-coated magnetic core particle. 

The utility of this material was demonstrated by using it to immobilize anticyclin 

E antibodies on their surface in order to separate MCF-7 breast cancer cells from 

serum solutions. Anticyclin E antibodies bind specifically to cyclin, a protein that 

is specifically expressed on the surface of breast cancer cells. The separated 

breast cells were easily observed by fluorescence imaging microscopy thanks to 

the strong luminescence of the luminescent/magnetic nanocomposite particles. 

Aaron et al. [81] developed an approach to in vitro molecular specific optical 

imaging that combines the advantages of molecularly targeted plasmonic 

nanoparticles and magnetic actuation. The hybrid nanoparticles consisted of a 

superparamagnetic core coated with a gold layer. The nanoparticles were 

conjugated with monoclonal antibodies for molecular recognition. The hybrid 

nature of these particles provides new opportunities for optical contrast 

enhancement. The addition of the gold layer introduces three important 

advantages: (1) enhancement of optical signals, which facilitates detection and 

digital processing; (2) optical resonance tunability; and (3) the availability of a 

convenient surface for conjugation of probe molecules. The iron oxide core 

provides a magnetically susceptible component which can be exploited to 

periodically actuate the magnetic particles attached to cells in the field of view, 

thereby enabling the use of an external magnetic field to modulate the optical 

signal. 

6. Conclusions and outlook 

In recent years, nanotechnology has opened up new prospects for analytical 

chemistry through the exceptional characteristics of nanoparticles. However, 

hybrid nanoparticles possess an even greater potential inasmuch as they 
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combine the properties of their nanoconstituents, which can be highly useful 

towards simplifying analytical methods and exploring new challenges and 

applications relying on their synergistic effects. Hybrid nanoparticles can 

therefore be expected to gain increasing ground in analytical chemistry in the 

near future. 
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I.3. NANOPARTICLES AS TOOLS IN 

ANALYTICAL CHEMISTRY 

 

One of the main goals of Analytical Chemistry is the development of new 

methodologies which improve existing ones and meet new demands of 

(bio)chemical information posed by the present social and economic problems. 

The growing demand of (bio)chemical information requires the development of 

new tangible and intangible tools to support analytical processes. 

Improvements in analytical processes can be measured in terms of analytical 

properties: capital, basic and productivity-related
1
 (see Figure I.3.1).  

The new scene created by the growth of Nanoscience and Nanotechnology has 

had an impact in the field of Analytical Chemistry. Nanotechnological tools have 

been used in analytical methods by exploiting the excellent properties of 

nanoparticles in order to improve well-established analytical methods or to 

develop others for new analytes or matrices. The use of nanoparticles should 

lead to improved selectivity, sensitivity, rapidity, miniaturizability or portability of 

the analytical system. This facet of Analytical Nanotechnology is the most 

extensively explored
2
.   

                                                           
1
 M. Valcárcel, A. Ríos, Anal. Chem. 65 (1993) 781A-787A. 

2
 M. Valcárcel, B.M. Simonet, S. Cárdenas, Anal. Bioanal. Chem. 391 (2008) 1881-1887.  
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Figure I.3.1. The multiple role of Nanotechnology in Analytical Science: (A) Direct impact, 

and (B) Indirect impact through their role as support of other scientific-technical 

advances.   

 

Nanotechnology-based analytical processes can exploit both the nanosize and 

exceptional properties of structured nanomatter. In this sense, as it was 

previously introduced (see Figure I.1.1 and related text), analytical systems 

based on Nanoscience and Nanotechnology can be classified in three types
3
, 

namely: i) nanometric analytical systems, based on nanosize and/or nanofluidics, 

for example nano-chip liquid chromatography, however, some authors have 

placed them outside the scope of nanotechnology, ii) nanotechnological 

analytical systems, which exploit the exceptional physicochemical properties of 

nanomaterials, and iii) analytical nanosystems, which integrate previous two 

systems, for example individual carbon nanotubes for use as electrodes.  

                                                           
3
 M. Valcárcel, B.M. Simonet, Anal. Bioanal. Chem 399 (2011) 1-2. 
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The most widely used nanoparticles in analytical sciences include (a) silica 

nanoparticles, (b) metallic nanoparticles (quantum dots, gold nanoparticles, 

etc.), (c) carbon nanoparticles (mainly fullerenes and carbon nanotubes), (d) 

organic polymer nanoparticles (e.g. molecular imprinted polymers) or (e) 

supramolecular aggregates (nanomicelles, nanovesicles), as depicted in Figure 

I.3.2. The explored nanoparticle property can be electrical, optical, thermal, 

magnetic or chemical. Frequently, however, two or more properties are explored 

at once.   

An analytical process can be divided into several steps, as represented in Figure 

I.3.2, namely: sample preparation (including sampling), chromatographic (LC, 

GC) and capillary electrophoretic techniques, detection and data handling and 

treatment to offer the results as required. The role of nanoparticles differs 

between the different steps of the analytical process. Figure I.3.2 shows the 

proportion of described analytical procedures in which nanoparticles are 

involved.   

 

Figure I.3.2. The role of nanoparticles in different steps of analytical process. 
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Detection 

Detection is the analytical step in which nanoparticles have been more widely 

used by virtue of their ability to replace conventional materials as well as the 

advantages of electrochemical biosensors. In this sense, biomolecules are 

stabilized by the nanoparticles, which increase active surfaces and facilitate 

electron transfer. In addition, the development of optical nanosensors has been 

fostered by the exceptional optical properties of metallic nanoparticles derived 

from their plasmon resonance, as well as photofluorescent properties in the 

case of semiconducting nanoparticles (quantum dots)
4
, carbon dots

5,6
 (CDs) or 

graphene quantum dots
7
.  

Quantum dot-based sensors for chemical and biological detection have been 

widely developed
8
 by virtue of the special optical and electronic properties of 

the component QDs
9
 plus the possibility to relatively easily functionalize them 

with a wide variety of biological as well as relevant molecules for other 

important applications
10

.  

Gold nanoparticles have been also widely used by virtue of their optical 

properties. For example, mercury traces have been detected by ultraviolet-

visible spectroscopy using gold nanoparticles functionalized with 

                                                           
4
 L. Wang, W. Ma, L. Xu, W. Chen, Y. Zhu, C. Xu, N.A. Kotov, Mater. Sci. Eng. R 70 (2010) 

265–274. 
5
 L. Cao , X. Wang , M.J. Meziani , F. Lu , H. Wang , P.G. Luo , Y. Lin ,B.A. Harruff , L.M. 

Veca , D. Murray, S.-Y. Xie , Y.-P. Sun, J. Am. Chem. Soc. 129 (2007) 11318–11319. 
6
 S.-T. Yang, X. Wang, H. Wang, F. Lu, P.G. Luo, L. Cao, M.J. Meziani, J.-H. Liu, Y. Liu, M. 

Chen, Y. Huang, Y.-P. Sun, J. Phys. Chem. C 113 (2009) 18110–18114. 
7
 S. Zhu, J. Zhang, C. Qiao, S. Tang, Y. Li, W. Yuan, B. Li, L. Tian, F. Liu, R. Hu, H. Gao, H. 

Wei, H. Zhang, H. Sun, B. Yang, Chem. Commun. 47 (2011) 6858-6860.  
8
 Z. Yue, F. Lisdat, W.J. Parak, S.G. Hickey, L. Tu, N. Sabir, D. Dorfs,  N.C. Bigall, ACS Appl. 

Mater. Interfaces 5 (2013) 2800-2814. 
9
 W.J. Parak, T. Pellegrino, C. Plank, Nanotechnology 16 (2005) R9−R25. 

10
 W.J. Parak, D. Gerion, T. Pellegrino, D. Zanchet, C. Micheel, S.C. Williams, R. Boudreau, 

M.A. Le Gros, C.A. Larabell, A.P. Alivisatos, Nanotechnology 14 (2003) 15−27. 
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complementary DNA sequences, which are intensely coloured and are present 

as colloidal dispersion
11

.  

Carbon nanotubes and gold nanoparticles are the types of nanoparticles most 

widely used for developing electrochemical (bio)sensors
12,13

. CNT-based sensors 

can be used to detect changes in their electronic properties resulting from the 

sorption of molecules on their surface. The electronic properties of CNTs 

encourage their use as electrodes to mediate electron-transfer reactions with 

electroactive species in solution
14

. Combining gold nanoparticles and carbon 

nanotubes was found to enhance some electrocatalytic properties of 

electrodes
15

.  

Sample preparation 

Sample preparation has also profited from the use of nanomaterials, albeit a 

lesser extent than detection. The incorporation of nanoparticles in the sample 

treatment step, in general, helps to simplify it. For example, conventional 

sorbents for solid-phase extraction and solid-phase microextraction have been 

replaced by nanomaterials. Nanoparticles, according to their participation and 

role in the sample treatment step can be classified as follows
16

: i) nanoparticles 

acting as sorbent agents
17

, where direct interaction between the analyte and the 

nanoparticle takes place; ii) nanoparticles acting as an inert support, such as a 

silica nanoparticle functionalized with a complexation agent; iii) nanoparticles 

                                                           
11

 J.S. Lee, M.S. Han, Ch.A. Mirkin, Angew. Chem. (Int. Ed.) 46 (2007) 4093-4096.  
12

 E.J. Parra, F.X. Rius, P. Blondeau, Analyst 138 (2013) 2698-2703. 
13

 G.A. Zelada-Guillén, A. Tweed-Kent, M. Niemann, H.U. Göringer, J. Riu, F.X. 

Rius, Biosensors and Bioelectronics 41 (2013) 366-371.  
14

 M. Trojanowicz, Trends Anal. Chem. 25 (2006) 480-489. 
15

 J. Manso, M.L. Mena, P. Yáñez-Sedeño, J. Pingarrón, J. Electroanal. Chem. 603 (2007) 1-

7. 
16

 R. Lucena, B.M. Simonet, S. Cárdenas, M. Valcárcel, J. Chromatogr. A, 1218 (2011) 620-

637.  
17

 I. Márquez-Sillero, E. Aguilera-Herrador, S. Cárdenas, M. Valcárcel, J. Chromatogr. A 

1217 (2010) 1-6.  



 Bloque I. Introducción 

  
 

76 

having special magnetic properties, which can either directly adsorb the analyte 

or can be functionalized with organic groups, the use of a magnetic field can 

simplify the analytical procedure; iv) nanoparticles acting as ionizations agent 

for the direct analysis of samples by ion secondary mass spectrometry.  

Carbon nanomaterials have focused attention thanks to their singular π-π 

electron configuration, as well as metal oxides by virtue of their high surface 

area. In this sense, carbon nanotubes have been widely used as sorbents for 

solid-phase extraction
18,19

. Packed nanotubes tend to aggregate to some extent, 

their inclusion as a nanoscience application requires that aggregation be 

avoided and interactions between analytes and isolated nanoparticles 

favoured
20

. Conical carbon nanoparticles, such as single-walled nanohorns 

(SWNHs)
21

 or carbon nanocones/disks
22

 have been also used for solid-phase 

(micro)extraction. In addition to solid-phase extraction, nanoparticles have been 

used in other sample treatments such as membrane filtration, for example with 

membranes composed or modified by carbon nanotubes, as it will be explained 

in deep in chapter 13 of this memory
23

 and applied to the determination of 

other nanomaterials in chapter 14 of this Doctoral Thesis.  

Separation science 

Furthermore, nanostructured materials are being increasingly used in separation 

science as stationary phases in gas and liquid chromatography or 

electrochromatography, and also as pseudo-stationary phases in electrokinetic 

chromatography. The use of nano-sized materials in electro-driven separation 

                                                           
18

 B. Suárez, B.M. Simonet, S. Cárdenas, M. Valcárcel, J. Chromatogr. A 1159 (2007) 203-

207.  
19

 B. Suárez, B. Santos, B.M. Simonet, S. Cárdenas, M. Valcárcel, J. Chromatogr. A 1175 

(2007) 127-132.  
20

 M. Valcárcel, S. Cárdenas, B.M. SImonet, Y. Moliner-Martínez, R. Lucena, Trends Anal. 

Chem. 27 (2008) 34-43.  
21

 J.M. Jiménez–Soto, S. Cárdenas, M. Valcárcel, Anal. Chim. Acta 714 (2012) 76-81. 
22

 J.M. Jiménez–Soto, S. Cárdenas, M. Valcárcel, J. Chromatogr. A 1216 (2009) 5626-5633. 
23

 A.I. López-Lorente, B.M. Simonet, M. Valcárcel, Anal. Chem. 82 (2010) 5399-5407.  
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systems has received more attention than in laminar flow liquid and gas 

chromatographic (LC and GC) systems
24

. As novel stationary phases and 

dynamic coatings, NPs greatly enhance separation performance in relation to 

resolution, selectivity and efficiency. They display a large surface area-to-volume 

ratio, which is ideal for low mass-transfer effects in chromatography
25

.  

So far, nanoparticles have found extensive use in capillary electrophoresis (CE), 

packed capillary electrochromatography (CEC), open tubular CEC formats and 

microchip CE. Several nanoparticles have been employed as pseudostationary 

phases in capillary electrophoresis
26

, such as SWNHs, CNTs and fullerenes
27

 or 

graphene
28

. A new electrophoretic mode designated as micellar nanoparticle 

dispersion electrokinetic chromatography (MiNDEKC) has been developed 

which proved to be effective in the separation of aromatic compounds
29

 or even 

chiral compounds
30

. 

There are also some reports of the use of nanoparticles in LC, ion 

chromatography (IC) and GC
31

. Nanoparticles for GC are usually packed into a 

tubular column. As an alternative to packing, CNTs can be self-assembled into a 

gas chromatographic column
32

. NPs have been also inserted into a monolithic 

column in LC
33

.  

 

                                                           
24

 E. Guihen, Trends Anal. Chem. 46 (2013) 1-14. 
25

 C. Nilsson, S. Birnbaum, S. Nilsson, J. Chromatogr. A 1168 (2007) 212.  
26

 C. Nilsson, S. Nilsson, Electrophoresis 27 (2006) 76-83. 
27

 Y. Moliner-Martinez, M. Barrios, S. Cárdenas, M. Valcárcel, J. Chromatogr. A 1194 (2008) 

128-133.  
28

 S. Benítez-Martínez, B.M. Simonet, M. Valcárcel, Electrophoresis, 34 (2013) 2561-2567.  
29

 B. Suárez, B.M. Simonet, S. Cárdenas, M. Valcárcel, Elecctrophoresis 28 (2007) 1714-

1722.  
30

 Y. Moliner-Martínez, S. Cárdenas, M. Valcárcel, Electrophoresis 28 (2007) 2573-2579.  
31

 D. Sýkora, V. Kasicka, L. Miksik, P. Rezanka, K. Záruba, P. Matejka, V. Kral, J. Sep. Sci. 33 

(2010) 372-387.  
32

 C. Saridara, S. Mitra, Anal. Chem. 77 (2005) 7094-7097. 
33

 Y. Li, Y. Chen, R. Xiang, D. Ciuparau, L.D. Pfefferle, C. Horvath, J.A. Wilkins, Anal. Chem. 

77 (2005) 1398-1406.  
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I.4. NANOPARTICLES AND 

NANOSTRUCTURED MATERIALS AS 

ANALYTICAL OBJECTS  

The development of analytical methodologies for extracting quality information 

from nanoparticles or nanostructured compounds is of high interest due to the 

poor knowledge available about their actual composition and characteristics, as 

well as their presence in environmental, biological or agrifood matrices. 

Developing effective analytical methods for the rapid, accurate characterization 

of nanoparticles is mandatory with a view to advancing nanotechnology
1
.  

This topic has clear connotations of interface between physics and chemistry, as 

can be inferred from Figure I.4.1, where the physical (size, properties, 

topography) and chemical characteristics (composition, chirality, reactivity and 

type of bond) are reflected. It should be pointed out in this context the 

increasing interest of biological characteristics (diffusion through membranes, 

toxicity
2
, biotransformations, nanoparticles interaction with cells and 

microorganisms
3
) derived from the chemical reactivity of the nanomatter. 

Among the types of characterization that are needed, perhaps none is more 

challenging than chemical characterization
4
.  

 

                                                           
1
 M. Valcárcel, B.M. Simonet, S. Cárdenas, Anal. Bioanal. Chem. 391 (2008) 1881-1887.  

2
 A.K. Suresh, D.A. Pelletier, M.J. Doktycz, Nanoscale, 5 (2013) 463-474. 

3
 P.R. Leroueil, S. Hong, A. Mecke, J.R. Baker Jr., B.G. Orr, M.M.B. Holl, Acc. Chem. Res. 40 

(2007) 335–342. 
4
 M.R. Winchester, R.E. Sturgeon, J.M. Costa-Fernández, Anal. Bioanal. Chem. 396 (2010) 

951-952. 
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Figure I.4.1. Types of information about nanomatter according to the nature of its 

characteristics.  

 

Extracting information from the nanoworld entails measuring dimensions of 

only a few nanometers. So-called nanometrology is therefore a hot topic. 

Although nanometrology is of special concern to physicists, analytical chemists 

can make substantial contributions to its advancement.  

Several types of techniques are available to characterise NPs
5
 and their surface 

chemistry
6,7,8

. Herein, the different techniques have been classified as 

microscopic, spectroscopic and separation ones.  

 

 

                                                           
5
 R. Zenobi, Anal. Bioanal. Chem. 390 (2008) 215-221. 

6
 B. Zhang, B. Yan, Anal. Bioanal. Chem. 396 (2010) 973-982.  

7
 D.R. Baer, D.J. Gaspar, P. Nachimuthu, S.D. Techane, D.G. Castner, Anal. Bioanal. Chem. 

396 (2010) 983-1002.  
8
 K.A. Wepasnick, B.A. Smith, J.L. Bitter, D.H. Fairbrother, Anal. Bioanal. Chem 396 (2010) 

1003-1014.  
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4.1. Microscopic techniques for the analysis of nanoparticles 

Microscopic techniques include optical, electron and scanning probe 

microscopy. The most used techniques for the characterization of NPs are 

electron microscopies (EM) -transmission electron microscopy (TEM), high-

resolution TEM and scanning electron microscopy (SEM)-, and scanning probe 

microscopies (SPM), namely, atomic force microscopy (AFM) and scanning 

tunneling microscopy (STM). Depending on the technique, resolutions down to 

the sub-nanometer range can be achieved. Besides the imaging of 

nanoparticles, these methods enable the determination of the aggregation, 

dispersion, size, structure and shape of NPs. In addition, SEM and AFM offer 

three dimensional images of nanoparticles.  

However, microscopic techniques present shortcomings in sample preparation 

as well as the statistical uncertainty due to the human subjectivity implied when 

deciding which parts of the grid are photographed. In order to measure an 

accurate size distribution of nanoparticles it is necessary to count and measure 

thousand of particles in order to obtain a reliable counting statistics. Regarding 

sample preparation, SEM and TEM have to operate in vacuum, and therefore 

only dry, solid samples can be investigated. The transfer of the sample from 

dispersion to dried state changes the size distribution as well as the aggregation 

state of the nanoparticles or leads to the precipitation of salts. Furthermore, 

electron microscopy is usually a destructive method, meaning that the same 

sample cannot be analyzed twice or by another method for validation. Also, 

biological samples often need treatment, such as heavy metal staining, for 

improved contrast. In this case, a scanning transmission electron microscope 

(STEM) belonging to the group of TEMs can be of use. 
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In order to image NPs in more natural conditions, environmental scanning 

electron microscopy
9
 (ESEM) has been developed. Although its sample chamber 

and detector cannot achieve atmospheric pressure, nanoparticles can be 

visualized under almost natural conditions
10

, with residual hydration water still 

on the particles. This water layer also serves as a conductor on the surface so 

the sample does not need to be conductively coated
11

.  

AFM is one of the most common nanometrology methods and has numerous 

applications
12,13,14

. With this technique it is possible to analyze samples under 

moist conditions or even in liquids, which affords minimum perturbation. Under 

liquid conditions particles can eventually stick to the cantilever, which leads to 

imaging artifacts. This smearing effect could be minimized by using a non-

contact scanning mode where the tip is not touching the nanoparticles but only 

feels its forces. 

When combined with analytical methods, additional information can be gained 

about the elemental composition of the sample. Electron microscopy methods 

can be combined to perform energy dispersive X-ray spectroscopy (EDX or EDS) 

and electron energy loss spectroscopy (EELS) for the elemental analysis of the 

nanoparticles, whereas selected area electron diffraction (SAED) gives 

information about the crystalline properties of NPs
15

.  
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 D.J. Stokes, Philos. Trans. R. Soc. London, Ser. A 361 (2003) 2771-2787. 
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 K. Tiede, A.B.A. Boxall, S.P. Tear, J. Lewis, H. David, M. Hassellöv, Food Addit. Contam. 

25 (2008) 795-821.  
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 M. Hassellöv, J.W. Readman, J.F. Ranville, K. Tiede, Ecotoxicology, 17 (2008) 344-361. 
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  J.H. Hafner, C.L. Cheung, A.T. Woolley, C.M. Lieber, Prog. Biophys. Mol. Biol. 77 (2001) 

73-110. 
13

 P. West, N. Starostina, Adv. Powder. Metall. Part. Mater. (2006) 2/17-2/28.  
14

 J.R. Viguie, J. Sukmanowski, B. Nolting, F.X. Royer, Colloids Surf. Physicochem. Eng. 

Aspects 302 (2007) 269-275.  
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X-ray microscopy (XRM) can provide spatial resolution imaging of a specimen in 

the aqueous state without the need for sample preparation
16

. A variation of the 

XRM is the scanning transmission X-ray microscopy (STXM), which has been 

used, for example, to characterize metallic Fe particles for remediation 

purposes
17

. 

Moreover, near-field scanning optical microscopy (NSOM), with a resolution 

between 50 and 100 nm, can be used to image aggregates of nanoparticles
18

. A 

modification of confocal microscopy –confocal laser scanning microscopy 

(CLSM)- is able to detect fluorescent samples and can be used to characterize 

colloids, since it is able to image thick samples
10

.   

4.2. Spectroscopic and related techniques for the analysis of nanoparticles 

Spectroscopic methods also have a wide range of applications for the analysis 

of nanomaterials. Fluorescence-based techniques are used for the analysis of 

nanoparticles with a strong native fluorescence, such as quantum dots (QDs), or 

more recently, carbon dots
19

 (CDs) or graphene quantum dots
20,21

, which can be 

characterized from their absorption or fluorescence spectra. The position of 

emission bands can be correlated with particle size and is commonly used to 

monitor size in the synthesis of QDs
22

, for example. In describing the UV-Vis 

absorption spectra of metal NPs, the term surface Plasmon is used, which 

describes the oscillating electron clouds present at the metal-solution interface. 
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 J. Thieme, I. McNulty, S. Vogt, D. Paterson, Environ. Sci. Technol. 41 (2007) 6885–6889. 
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 J.T. Nurmi, P.G. Tratnyek, V. Sarathy, D.R. Baer, J.E. Amonette, K. Pecher, C.M. Wang, J.C. 

Linehan, D.W. Matson, R.L. Penn, M.D. Driessen, Environ. Sci. Technol. 39 (2005) 1221–

1230. 
18

 A.D. Maynard, Philos. Trans. R. Soc. Lond. A 358 (2000) 2593-2609.  
19

 Y.-P. Sun, B. Zhou, Y. Lin, W. Wang, K.A.S. Fernando, P. Pathak, M.J. Meziani, B.A. 

Harruff, X. Wang, H. Wang, P.G. Luo, H. Yang,
 
M.E. Kose, B. Chen, L.M. Veca, S.-Y.Xie, J. 

Am. Chem. Soc. 128 (2006) 7756–7757. 
20

 Y. Li, Y. Hu, Y. Zhao, G. Shi, L. Deng, Y. Hou, L. Qu, Adv. Mater. 23 (2011) 776-780.  
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 D. Pan, J. Zhang, Z. Li, M. Wu, Adv. Mater. 22 (2010) 734-738.  
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 Q.Q. Yu, L. Qu, W. Guo, X. Peng, Chem. Mater. 15 (2003) 2854-2860. 
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Particle concentrations can be quantified from absorption measurements 

provided the optical constants for the nanoparticles are known
23,24

.  

Vibrational spectroscopies, both Raman and infrared, are useful for the analysis 

of nanoparticles, especially carbon nanoparticles. The two techniques differ in 

the excitation source used, the way signals are monitored and the selection 

rules employed on vibrational modes. At present, Raman spectroscopy is the 

most important technique for the analysis of carbon nanotubes
25

, since Raman 

measurements are simple, can be done at room temperature and under 

ambient pressure, are quick, non-destructive and non-invasive
26

, and it is 

possible to find sophisticated laboratory equipments as well as less expensive 

portable ones. Their widespread acceptance relies on their usefulness to provide 

information about vibrational properties that can be correlated with the 

structure and electronic properties of the nanotubes. Tip-enhanced Raman 

scattering (TERS) has been also used for carbon nanotubes
27

, for example. In the 

case of SWNTs, NIR-fluorescence
28

 is a technique widely used for their 

characterization according to their chirality
29

 as well as their quantitative analysis 

in aquatic environment
30

.  

The average bulk chemical composition of a sample can be determined by using 

spectroscopic techniques such as atomic absorption spectroscopy, inductively 

coupled plasma with atomic emission spectroscopy (ICP-AES), optical emission 
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spectroscopy (ICP-OES)
31

 and mass spectrometry (ICP-MS)
32,33,34

 especially for 

the analysis of metallic nanoparticles. These techniques feature good limits of 

detection, providing compositions results which are sample averages and they 

also afford multielement analysis. However, they are destructive and subject to 

matrix interferences
35

. Mass spectrometry techniques are gaining growing 

importance thanks to their compatibility with any type of sample, their 

extremely high sensibility and easy coupling with separation techniques to 

obtain real-time information
36

.  

Light scattering is a very commonly used method to determine particle size. 

Among the scattering techniques, dynamic light scattering (DLS) is widely used 

for sizing of NPs and determining their aggregation in suspensions
37

. The 

advantages of DLS are the rapid and simple operation, readily available 

equipment, and minimum perturbation of the sample. The limitations are the 

interpretation and critical review of the data obtained, especially for 

polydisperse systems
11

. Turbidimetry and nephelometry have been also 

employed to measure particle concentration
38

.  

Laser-based methods worth mentioning are the small angle X-ray scattering 

(SAXS), which is able to characterize mono- and polydisperse systems, and 

laser-induced breakdown spectroscopy (LIBS), which has a very low detection 

limit and is suitable for the size and concentration analysis of colloids. Nuclear 

                                                           
31

 S. Elzey, D.-H. Tsai, S.A. Rabb, L.L. Yu, M.R. Winchester, V.A. Hackley, Anal. Bioanal. 

Chem. 403 (2012) 145–149. 
32

 A. Scheffer, C. Engelhard, M. Sperling, W. Buscher, Anal Bioanal Chem 390 (2008) 249–

252. 
33

 A. Helfrich, W. Brüchert, J. Bettmer, J. Anal. At. Spectrom. 21 (2006) 431–434. 
34

 R. Allabashi, W. Stach, A. de la Escosura-Muñiz, L. Liste-Calleja, A. Merkoçi, J Nanopart 

Res 11 (2009) 2003–2011. 
35

 B.M. Simonet, M. Valcárcel, Anal. Bioanal. Chem. 393 (2009) 17-21.  
36

 A.R. Montoro-Bustos, J. Ruiz-Encinar, A. Sanz-Medel, Anal. Bioanal. Chem. 405 (2013) 

5637-5643. 
37

 A. Ledin, S. Karlsson, A. Ker, B. Allard, Water Res. 28 (1994) 1539-1545.  
38

 J.A. Sene, M.V.B. Pinheiro, K. Krambrock, P.J.S. Barbeira, Talanta 78 (2009) 1503-1507.  



 I.4. Nanoparticles as analytical objects 

 
 

85 

magnetic resonance (NMR) spectroscopy
39

 is used to determine the dynamics 

and three-dimensional structure of the samples, whereas X-ray spectroscopy 

provides crystallographic information which can be used for the characterization 

of NP surfaces and coatings
40

.  

4.3. Methods of separation and purification of nanoparticles 

Separation techniques such as size-exclusion chromatography (SEC), 

hydrodynamic chromatography (HDC), capillary electrophoresis (CE), 

dielectrophoresis (DEP) and field-flow fractionation (FFF) can also be used to 

characterize NPs. These methods are sensitive and enable further analysis of the 

sample.  

The most employed method is SEC
41

, which, combined with detection 

techniques such as voltammetric, ICP-MS, DLS, multiangle laser light scattering 

(MALLS) also called static light scattering (SLS), can be applied to the 

characterization of AuNPs, QDs and SWNTs, for example. A drawback of SEC is 

that irreversible adsorption onto the stationary phase may occur. 

Separation and characterization of NPs with hydrodynamic chromatography is 

based on their hydrodynamic radius. Liquid chromatography coupled to 

voltammetric detection has been also employed for the separation of metal 

nanoparticles
42

.  

Capillary electrophoresis (CE) has emerged as a useful technique, with fewer 

surface effects than in other techniques (e.g. SEC) and with low consumption of 
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sample and reagents, for the characterization of nanoparticles
43

. CE has been 

used to separate a variety of differently sized materials, including gold
44

 and 

silver nanoparticles
45

, CNTs
46

, QDs
47

, among others. Different modalities have 

been employed such as isoelectric focusing (IEF) or gel electrophoresis. Chapter 

8 of this Thesis delves in the electrophoretic characterization of nanoparticles.  

Dielectrophoresis (DEP) has also emerged as a powerful technique in order to 

manipulate nanoparticles
43

. Special emphasis is given to the dielectrophoretic 

separation of CNTs, due to its usefulness in discriminating metallic ones from 

semiconductor
48

, since it is capable of separate species not only by size but also 

by dielectric constant. However, DEP is further from routine analytical 

application than gel or capillary electrophoresis.  

Field-flow fractionation separates nanoparticles according to particle size in 

terms of their diffusion coefficients in a very thin open channel. Separation relies 

on the combination of an applied field and a longitudinal carrier flow. It has 

been successfully used to analyze a wide range of NPs
49,50

 including SiO2, CNTs, 

QDs, gold and silver.  

Other separation techniques used in this field are centrifugation
51

, ligand-

assisted extraction
52

, solid-phase extraction
53

, microextraction with ionic liquids 
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(see chapters 10 and 11 of this thesis), microfiltration
54

, dialysis
55

, and cloud-

point extraction
56

 of different nanomaterials.  

Table I.4.1. Specifications of methods for analysis and characterization of nanoparticles. 

Adapted from ref.
11

 

Method Approximate size range (nm) 
Limit of 

detectiona 

Level of sample 

perturbation 

AFM 0.5 to >1000 ppb-ppm Medium 

Centrifugation 10 to >1000 (d.d.)b Low 

Dialysis 0.5-100 (d.d.)b Low 

DLS 3 to >1000 ppm Minimum 

Electrophoresis 3 to >1000 ppm Minimum 

EM-EELS/-EDX Analysis spot size:  ~1 nm ppm  High 

ESEM 40 to >1000 ppb-ppm Medium 

FFF 1-1000 (d.d.)c  Low 

HDC 5-1200 (d.d.)b Low 

ICP-MS Depends on fractionation ppt-ppb  

LIBS 5 to >1000 ppt Minimum 

Microfiltration 100 to >1000 (d.d.)b Low-medium 

SEC 0.5-10 (d.d.)b Medium 

SEM 10 to >1000 ppb-ppm High 

SLS/MALLS 50 to >1000  Minimum 

TEM/HR-TEM 1 to >1000 ppb-ppm High 

TEM-SAED Analysis spot size: 1 nm  High 

Turbidimetry/nephelometry 50 to >1000 ppb-ppm Minimum 

XRD 0.5 to >1000 Dry powder High 

 

a
For comparison mass concentration limit of detection for 100 nm particles are 

estimated.  
b
(d.d.)= detection dependant 

c 
(UV: ppm, Fluo/ICP-MS: ppb) 
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Other techniques 

In addition to those techniques, electrochemical methods
57

 of analysis of 

nanoparticles have been also employed for their analysis such as 

voltammetry
58,59

. Thermogravimetric analysis (TGA) has been also utilized, for 

example, as a bulk characterization method for determining carbon nanotubes 

quality after manufacturing
60

 and/or after oxidation processes
61

. 

Nowadays, there is a tendency to combine microscopic and spectroscopic 

techniques in order to obtain information about both the size and chemical 

composition of materials. Examples are the combination of AFM-ATR-IR
62

, AFM-

Raman
63

 or AFM-SECM (scanning electrochemical microscopy)
64

. These 

techniques may be also useful in the case of the analysis of nanomaterials. 

4.4. Determination of nanoparticles in environmental, food and biological 

samples 

The increasing use of engineered nanoparticles in industrial and household 

applications will probably lead to the release of such materials into the 

environment as well as their accumulation in biological systems. In spite of this 

fact, there are still few analytical methods for their quantification in 

environmental matrices.  
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Effectively monitoring nanoparticles in environmental samples entails meeting 

several requirements. One is using analytical methods capable of detecting 

environmentally relevant concentrations, which fall in the nanogram per litre or 

the picogram per litre range, and another is avoiding the potential interference 

of natural nanoparticles frequently present in environmental samples.  

Most of the methods described above have been applied to the determination 

of nanoparticles in environmental matrices. A detailed description of the 

different examples of analysis of nanoparticles in environmental matrices is out 

of the scope of this introduction, further information about this issue may be 

found in the following reviews
11,35,40

. 

Applications of nanomaterials in food, food additives and food-contact 

materials have been described, in this sense, analytical approaches suitable to 

address food-safety issues related to nanotechnology are being developed. 

Several reviews collect described methods for these food matrices
65,66,67

.  

Chapter 2 of this Doctoral Thesis describes a general overview of the most 

relevant analytical techniques for the analysis of nanoparticles in biological 

matrices.  
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[Frontiers in Bioscience E4, 1024-1042, January 1, 2012] 

Determination of nanoparticles in biological matrices 

A. I. López-Lorente, B. M. Simonet, M. Valcárcel 

Department of Analytical Chemistry, University of Córdoba. 14071 Córdoba, Spain. 

 

Human exposure to nanoparticles has increased considerably due to 

anthropogenic activities dominated by coal and diesel oil fuel combustion. Not 

only the inhalation of nanoparticles, which nowadays is considered to be the 

most significant via of exposure to nanomaterials, but also the gradually more 

employment of nanoparticles in products such as cosmetics, deodorants, 

textiles, or even food is broadening the exposure to those materials. Developing 

the previous applications will obviously require the use of analytical 

methodologies to analyze biological matrices in order to assess potential risks in 

their use and take appropriate corrective actions. This chapter describes a 

general overview of the most important analytical techniques for the analysis of 

nanoparticles in biological matrices. 
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1. Introduction 

Nanomaterials are defined as products with at least one dimension less than 

100 nm. A number of common products and processes currently use or produce 

nanomaterials. This increasing use of engineered nanoparticles in research and 

product development engenders a growing need to understand their properties 

and behaviors as well as the health, safety, and environmental impact of them in 

both their synthesized form and when they evolve through application or 

environmental interaction. 

Millions of tones of such materials are entering the commercial market in 

products ranging from cosmetics, catalyst, semiconductors, fillers and drug 

carriers or as byproducts of human activity. Commercial nanoparticle-based 

products include titania nanoparticles for sunscreens, paints or self-cleaning 

windows, silica nanoparticles used as solid lubricants, protein-based 

nanomaterials for soaps and detergents, metal nanoparticles for environmental 

remediation, carbon nanoparticles for composites, and nanoparticles in 

electronic devices or pharmaceuticals. On the other hand, by-products in the 

form of nanoparticles typically come from emissions due to incomplete 

combustion of diesel fuel or nanosized minerals resulting from acid drainage in 

mining operations. 

It is widely recognized that as particle size decreases to the nanometer scale, 

their physical and chemical properties differ from those shown in their bulk 

form. Because of their size and those unique physical and chemical properties, 

determination of nanomaterials represents a challenge. The increasing use of 

nanoparticles in industrial applications will inevitably lead to the release of such 

materials into the environment. Accurately assessing the environmental risks 

posed by nanoparticles requires using effective quantitative analytical methods 

to determine their mobility, reactivity, ecotoxicity and persistency, many of 

which have still to be developed. Moreover, their accumulation in the 
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environment might have major implications for both human and environmental 

health. Studies have indicated that some nanomaterials can travel through the 

human body, deposit themselves in target organs and trigger injury to the cells; 

while other nanomaterials are being designed to enter the body in order to 

deliver drugs to a specific location. 

 

 

Figure 1. Electron microscopy image of a cancerous tissue of liver with a living cell 

containing metallic nanoparticles in the nucleus. Reproduced with permission from [1]. 
 

 

Human exposure to nanoparticles has considerably increased due to 

anthropogenic activities dominated by coal and diesel oil fuel combustion. As 

example, Figure 1 shows the image of a metallic nanoparticle located in a liver 

cell [1]. Furthermore, the exponential growth of nanotechnology is contributing 

with another source of aerial pollution via engineered nanomaterials. Not only 
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the inhalation of nanoparticles, which nowadays is considered to be the most 

significant via of exposure to nanomaterials, but also the gradually more 

employment of nanoparticles in products such as cosmetics, deodorants, 

textiles, or even food is broadening the exposure to those materials. 

Consequently, there are being carried out several studies of the ecotoxicity of 

nanoparticles and the impact of them on human health since there are many 

medical advances that imply the use of nanoparticles. The possible secondary 

effects of their use are a controversial issue. Anyway, there is a lack of methods 

currently available to do reliable measurements in the presence of small 

particulate contaminations present in biological fluids. 

Reliable methods of characterization of nanoparticles in biological fluids and 

tissues are necessary for development and use of precise drug delivery 

technologies with nanosized carriers. While more work was devoted to 

nanoparticles investigation in water suspensions, there is still a lack of 

characterization techniques in biological liquids and tissues. 

Effectively monitoring nanoparticles in biological samples entails meeting 

several requirements. One is using analytical methods capable of detecting 

biologically relevant concentrations, and another is avoiding the potential 

interference of small particles present in biological fluids. A drawback associated 

with the determination of nanoparticles is the heterogeneous nature of 

biological fluids, such as serum, containing for example serum albumin, 

lipoproteins, inmuno-, γ- and macroglobulins, and oleic acid, which can give 

significant background signals, whereas sizing techniques based on 

conventional light scattering require minimum levels of background noise for 

generation of accurate results. This make necessary in most of the cases the 

extraction or separation of the nanoparticles from their matrix. 
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1.1. Type of nanoparticles 

The general term nanoparticle (NP) is used to define any particle less than 100 

nm in at least one dimension. Nanoparticles can be generally classified as 

natural, anthropogenic or engineered in origin. 

Nanoparticles are naturally present in the environment, commonly formed as 

either weathering by-products of minerals such as biogenic products of 

microbial activity, or by growth in super-saturated fluids. Many inorganic growth 

mechanisms are responsible for nanoparticle formation, for instance crystal 

growth, aggregation [2], and redox triggered crystallization based on changes in 

mineral solubility [3]. 

Natural nanoparticles can be biogenic, geogenic, atmospheric or pyrogenically 

produced. For example, there are fullerenes with interstellar origin that have 

been brought to earth by comets or asteroids [4], the majority is believed to 

have formed from polycyclic aromatic hydrocarbons (PAH) derived from algal 

matter during metamorphosis at temperatures between 300 and 500 ºC and in 

the presence of elemental sulfur [5], or during natural combustion processes. 

Inorganic NPs are present everywhere in soils and geologic systems [6,7]. NPs 

are also ubiquitous aerosols in the atmosphere and they are precursors for the 

formation of larger particles, which are known to strongly influence global 

climate, atmospheric chemistry, the visibility and regional and global transport 

of pollutants [8]. Primary atmospheric NPs are, for example, soil dust and sea 

salt, although the major mass fraction is composed of coarse particles. The 

average particle size of airborne mineral dust, based on mass, is between 2 and 

5 mm. However, based on the number of particles, the average size is 

approximately 100 nm with a considerable number below this value [9]. 
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Figure 2. Electron micrographs at different magnifications of a cell containing 

nanoparticles. Cells were exposed to nanoparticles for 24 h to gold nanoparticles. A) 

Image at 8000x magnification of a representative cell with nanoparticles subcellularly 

localized. The small box represents the area magnified in (B) image at 60000x 

magnification of gold nanoparticles within cells. The inset is a 150000x magnification of 

the gold nanoparticles. Reproduced with permission from [11]. 

 

Biogenic nanoparticles are sometimes formed directly by the organism as a 

metabolic requirement, such as the case of magnetite which is formed by 

bacteria in response to a need of mobility [10]; or indirectly as a result of the 

microbial activity. Nanocrystalline mineral phase may precipitate during the 

redox transformation of a metal induced by a microorganism. Other routes of 

mineralization are promotion by other metabolites or by microbial cell surfaces 

acting as organic templates. Anthropogenic nanoparticles are those which are 

unintentionally produced as by-product of the human activity. These 

nanoparticles can be also internalized in the cells (see Figure 2) [11]. They are 

predominately combustion derived, formed by automobile exhaust gases or as 

consequence of the industrial fabric. Some of those combustion-derived 

nanoparticles, such as diesel exhaust particles, carbon black and fly ash are 

environmental hazards. Diesel exhaust particles account for up to 80% of the 
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mass of PM10 collected in urban areas. They contain toxic metals and organics 

and this, in combination with their large surface area, leads to the production of 

reactive oxygen species. Carbon black is a low-solubility particle produced 

industrially from the incomplete thermal decomposition of hydrocarbons. 

Moreover, fly ash is a generic term for particulate matter from mineral and 

metal contaminants of organic fuels [12]. 

Another class of unintentionally produced NP is composed of platinum and 

rhodium containing particles produced from automotive catalytic converters. 

Although most Pt and Rh are attached to coarser particles, about 17% was 

found to be associated with the finest aerosol fraction (<0.43 mm) [13]. 

The design of novel NPs has been the basis of many advances in technology for 

the last decade. Nanoparticles can be produced by a huge range of procedures 

which can be grouped into top-down and bottom up strategies. Top-down 

approaches are defined as those by which NPs or well-organized assemblies are 

directly generated from bulk materials via the generation of isolated atoms by 

using various distribution techniques [14]. The majority of the top-down 

strategies involve physical methods such as milling or attrition, repeated 

quenching and photolithography [15]. Bottom-up strategies involve molecular 

components as starting materials linked with chemical reactions, nucleation and 

growth process to promote the formation of more complex clusters [16]. 

Carbon nanotubes (CNT) represent one of the best examples of novel 

nanostructures derived by bottom up chemical synthesis approaches. Carbon 

nanotubes can be considered to be hollow graphitic nanomaterials comprising 

one (single-walled carbon nanotubes, SWNT) or multiple (multi-walled carbon 

nanotubes, MWNT) layers of graphene sheets. The lengths of the nanotubes can 

range from several hundred nanometers to several micrometers and the 

diameters from 0.2 to 2 nm for SWNT and from 2 to 100 nm for coaxial MWNT 

[17]. Depending on the synthesis method, the technique used for the separation 
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from the amorphous by-products, subsequent cleaning steps, and finally 

different functionalizations, a variety of different CNT are obtained that have 

very different properties [18]. Most CNTs reported to date have been prepared 

by using arc discharge [19], laser ablation [20], or chemical vapor deposition 

(CVD) techniques [21]. The former two use a solid-state carbon precursor for 

nanotube growth. On the other hand, CVD uses hydrocarbon gases as sources 

for carbon atoms and metal catalyst particles as seeds for CNT growth. 

The high potential of CNTs has promoted much study aimed at elucidating their 

properties (particularly those of SWNTs). Based on structure, CNTs possess 

nonpolar bonds and high aspect ratios (length to diameter ratio) and are thus 

insoluble in water. This results in the spontaneous aggregation of CNTs. This 

affinity to aggregation combined with their high flexibility increases the 

possibility of bundling and closing packing [22]. As opposed to aqueous 

solutions, hydrophobic CNTs are expected to be wetted by organic solvents and, 

therefore, to assemble less in bundles and ropes. However, CNTs were shown to 

exhibit a sufficient solubility only in a limited number of solvents, such as 

dimethyl formamide, dimethyl acetamide, and dimethyl pyrrolidone [23]. Like 

other organic molecules, CNTs can be functionalized covalently [24]. SWNTs 

possess a good surface area to volume ratio and an excellent thermal stability in 

inert atmospheres. They also possess a π complex both above and below the 

plane containing the carbon atoms that is the origin of their high electron 

mobility and electrical conductivity [25]. They present excellent plasticity and 

elasticity and the sharp tip of the end of a SWNT results in a locally boosted 

electrical field upon application of a potential.  

Fullerenes are polyhedral carbon cages in which sp
2
 carbons are bonded to 

three carbon neighbors in an arrangement of five-membered and six-

membered rings [26]. C60 has been extensively studied since its discovery in 

1985, it present low electron delocalization over the spherical surface with a 
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resonance structure, being a good electron acceptor, so it can form charge-

transfer complexes with compounds with donor groups. A drawback is their low 

solubility in aqueous and organic solvents, which limit their applications and 

focus lot of research to functionalization [27]. Fullerenes have been proposed to 

be used in fullerene polymer combinations, as thin films, in electro-optical 

devices and in biological applications [28]. 

Engineered inorganic NP also cover a broad range of substances including 

elemental metals, metal oxides and metal salts. 

Colloidal gold nanoparticles have been used technologically since ancient times 

due to their optical properties, in particular for staining glass [29]. Gold spheres 

have a characteristic red color, which is due to the collective oscillation of the 

electrons in the conduction band, known as the surface Plasmon oscillation. The 

oscillation frequency is usually in the visible region for gold and silver giving rise 

to the strong surface Plasmon resonance absorption. Therefore, the origins of 

properties on the nanoscale are different for metal nanoparticles than for 

semiconductor nanoparticles. 

Many applications became possible due to the large enhancement of the 

surface electric field on the metal nanoparticles surface. The plasmon resonance 

absorption has an absorption coefficient orders of magnitude larger than 

strongly absorbing dyes. Anisotropic shapes have plasmon resonance 

absorptions that are even stronger, leading to increased detection sensitivity. 

Metal nanoparticles generate enhanced electromagnetic fields that affect the 

local environment. 

Silver nanoparticles have been widely used as bactericide [30], whereas gold 

nanoparticles are mainly used for optical sensors or to exploit its catalytic 

activity [31]. The use of nanoscale zero-valent iron for groundwater remediation 

ranks as the most widely investigated environmental nanotechnological 
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application. Nanoparticles having magnetic properties are the most interesting 

in this field. To this end, metallic iron is very effective in degrading a wide variety 

of common contaminants such as chlorinated methanes, brominated methanes, 

trihalomethanes, chlorinated ethenes, chlorinates benzenes, other 

polychlorinated hydrocarbons, pesticides and dyes [32]. 

Today, nanoparticulated metal oxides are among the most used NPs [33]. Bulk 

materials of TiO2, SiO2 and aluminum and iron oxides have been produced for 

many years. However, recently they have also been manufactured in nano-sized 

form and have already entered the consumer market, e.g. ZnO in sunscreens 

[34]. TiO2 NPs are widely used for applications such as photocatalysis, pigments 

and cosmetic additives. Two methods are commonly used to prepare oxide-

based nanomaterials: stabilized precipitation and flame pyrolysis [35,36]. Nano-

sized zeolites [37], clays [38] and ceramics [39] are other NPs that have been 

proposed for various catalytic applications. Several non-carbon nanotubes have 

also been synthesized [40], for example, TiO2. 

Nanoparticles synthesized from organic polymers have gained widespread 

interest in medicine as carriers for drugs. The possibility to control size, surface 

charge, morphology and composition make polymers especially well suited for 

designing NPs with tailored properties based on selective recognition. These 

NPs are taken up by a wide variety of cells and are studied for their ability to 

cross the blood-brain barrier [41]. 

Polymeric nanoparticles have also been developed and synthesized to be used 

in soil and groundwater remediation. For example, micelle like amphiphilic 

polyurethane particles have a hydrophilic outer side and a hydrophobic inner 

core and are therefore very well suited for the removal of hydrophobic 

pollutants (e.g. phenanthrene) from soils [42]. Another related polymeric 

nanoscale material is dendrimers that function as water soluble chelators [43]. 
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Metal and semiconductor nanoparticles in the 2–6 nm size range are of 

considerable current interest, not only because of their unique size-dependent 

properties but also because of their dimensional similarities with biological 

macromolecules (e.g. nucleic acids and proteins) [44]. These similarities could 

allow an integration of nanotechnology and biology, leading to major advances 

in medical diagnostics, targeted therapeutics, molecular biology and cell 

biology. Quantum dots (QDs) are inorganic semiconductor nanocrystals with 

interesting luminescent and electrochemical properties extensively used in 

numerous bioassays [45,46]. These NPs show broad excitation profiles and 

narrow emission peaks and can emit in a range of wavelengths by changing 

their size and composition. Also, they lack photobleaching and have long 

fluorescence lifetimes. However, QDs can show blinking characteristics when 

they are excited with high intensity light, which could be a limiting factor for fast 

scan systems, such as flow cytometry. Other limitations are toxicity, size 

variation, agglomeration and non-specific binding. Surface oxidation of QDs can 

occur under combined exposure to aqueous/UV-light excitation, which can lead 

(e.g., in CdSe-based QDs) to the release of cadmium ions, so that these NPs are 

inadequate for in vivo applications, such as in vivo drug delivery assays. 

However, they offer better imaging results than those achieved by organic dyes 

in cell-based or tissue-based drug studies. Luminescence emission from QDs is 

detected at concentrations comparable to organic dyes by using conventional 

fluorescence methods, and individual QDs and QD-bioconjugates are easily 

observable by confocal microscopy [47]. In particular, CdSe- ZnS core-shell QDs 

exhibit size-dependent tunable photoluminescence (PL) with narrow emission 

bandwidths that span the visible spectrum and broad absorption spectra that 

allow simultaneous excitation of several particle sizes at a single wavelength 

(48). These nanoparticles have a high quantum yield and a high resistance to 

photodegradation. Quantum dots have potential in biomedical applications, but 

concerns persist about their safety. 
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The particles can be further separated based on their chemical composition into 

carbon-containing and inorganic NPs. In fact, in order to describe the different 

approaches for the analysis of nanoparticles in this review we have distinguished 

between metallic and metal oxide nanoparticles, carbon-based nanoparticles 

and nanodrug or nano food-additives. 

1.2. Effects of nanoparticles in biological systems 

Human exposure to nanoparticles is inevitable as they become more widely 

used. This has given rise to a new division of toxicology, namely 

“nanotoxicology”, which involves the safety evaluation of engineered 

nanostructured and nanodevices. As it has been previously reported, human 

exposure is not limited to engineered nanoparticles, since there is 

anthropogenic sources which unintentionally release nanoparticles to the 

environment, such as industrial activity or combustion processes. In contrast to 

nanoparticle exposure through use of consumer products (such as textiles, 

cosmetics, deodorants), emerging biomedical applications of nanoparticles as 

drug delivery agents, biosensors, or imaging contrast agents involve direct 

ingestion or injection of nanoparticles into the body. Therefore, understanding 

the properties of nanoparticles and their effect on the body is crucial before 

clinical use can occur. A number of authors have reviewed characterization, fate, 

and toxicological information for nanomaterials and proposed research 

strategies for safety evaluation of nanomaterials [49,50].  

A factor influencing potential toxicity in the case of carbon nanoparticles is their 

complexity and variety in size, shape, charge, methods of production, chemical 

compositions, surface chemistry/functionalization and aggregation tendency. 

Most practical carbon nanomaterial samples are highly complex, containing the 

desired structure (e.g. single-wall nanotubes) mixed with amorphous or 

graphitic nanoparticulated byproducts, other nanotube varieties, and metallic 

catalyst residues of unknown chemical form (metal, oxide, carbide), in complex 
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association with carbon (within nanotube cavities or as particles partially or 

wholly encapsulated by carbon shells). The toxicity indicators associated with 

any given material may just as well be related to these impurities as to the 

properties of the nanomaterials in question. The catalyst residues in vapor-

grown carbon nanotubes include Fe, Ni, Co, and less often Y, Mo, and other 

metals, many of which would pose health risks of their own in the form of 

nanophase powders. Ideally, toxicological assays would be accompanied by 

characterization of all the biologically relevant properties of these complex 

materials—size, shape, surface chemistry (hydrophobicity/philicity), and the 

amount, form, and encapsulation state of metals. Some of these properties can 

be measured by routine techniques (overall metal contents by atomic 

absorption or emission techniques; size and shape by scanning and 

transmission electron microscopies) but others are not standard (surface 

chemistry, metal form and encapsulation) and require experts [51]. 

Moreover, a given nanomaterial can be produced by different processes which 

lead to derivatives of the same material, for instance the case of SWNTs which 

have different physical-chemical properties, namely size, shape, composition 

and consequently different ecological and toxicological impact [52]. Alternative 

methods for measuring properties of nanomaterials may need to be developed 

both quickly and cost effectively. 

Cytotoxicity studies [53] have demonstrated that, in general, cells can survive 

short-term exposure to low concentrations (<10 mg mL
-1

) of nanoparticles. It is 

important to remark that the effect is mainly produced by the small dimension 

of the nanoparticle than its nature. However, at high doses, several groups have 

found cytotoxic effects to emerge in a dose- and time-dependent manner for 

carbon-, metal-, and semiconductor-based nanoparticles. The generation of 

reactive oxygen species and the influence of cell internalization of nanoparticles 
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are two common found causes for the increase in cell death observed at higher 

concentrations and longer exposure times. 

Gold nanoparticles have been reported to induce little toxicity, around 15% 

reduction in cell viability, at 200 mg mL
-1

 [54-56]. While higher concentrations 

could elicit a cytotoxic effect, many substances become toxic at high 

concentrations. Therefore, it may be reasonable to conclude that the results 

from cytotoxicity testing of other nanoparticle types suggest low toxicity if those 

results are similar for gold-nanoparticle solutions containing relatively the same 

size particles at the same concentration. 

Many nanoparticles are not water soluble. However, the most important 

applications are performed in aqueous media. For that, the addition of a 

hydrophilic surface coating is required. However, as seen in MWNTs and QDs 

studies, adding certain hydrophilic molecules results in lower cell viability as the 

functional groups themselves were toxic [57-60]. Although it is difficult to 

establish a general rule, surface charge also plays a role in toxicity with cationic 

surfaces being more toxic than anionic, and neutral surfaces being most 

biocompatible [61] because of the affinity of cationic particles to the negatively 

charged cell membrane. Therefore, adding a coating that makes the 

nanoparticle more cationic could make the nanoparticle appear more toxic than 

it inherently is. 

Complexation of metallic nanomaterials may have important effects on 

biological availability and photochemical reactivity since it reduces the 

availability by reducing free metal ion concentrations and dissolved metal, for 

instance iron, which is quantitatively complexed by organic ligands. Solar UV 

radiation can also interact with these processes through photoreactions of the 

complexes [62]. Particle aggregation has also been suggested to be a factor in 

nanoparticle cytotoxicity. Wick et al. aimed to determine how agglomeration 

influenced SWNT cytotoxicity and [63] found that aggregation occurred in all 
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SWNT fractions except the well-dispersed SWNT bundles. Correspondingly, the 

SWNT bundles did not induce adverse cellular effects, and as this was the only 

solution where agglomerates were not formed, this corroborates the hypothesis 

that SWNT agglomeration leads to cytotoxic effects. However, an earlier study 

by Tian et al., testing an unrefined SWNT solution and a SWNT solution with the 

metal catalysts removed, found lower cytotoxicity with the unrefined SWNTs 

(64) which was proposed to be a result of their aggregation into larger, and 

therefore less toxic, particles. This contradicts the reasoning of Wick et al., so the 

effect of SWNT aggregation is still questionable. 

2. Tools for the analysis of nanoparticles in biological samples. 

In spite of the increase in the use of nanoparticles, there are still few analytical 

methods for their quantification in environmental or biological matrices due to 

their unique physical and chemical properties. Their capacity to form colloidal 

phases and aggregates, their different ad- and absorption characteristics and 

their shape and size variety make their quantification difficult. 

It is necessary to consider features of biological samples, connected with the 

presence of macromolecules, having the sizes comparable with investigated 

nanoparticles, and various effects of interaction of these particles with the 

components of biological sample. 

Considering the complexity of biological samples as well as the number of 

potential interferences and the number of interactions that can be established 

between the nanoparticles and the sample, liquid-liquid extraction techniques 

are the most usefulness. The excess of the solvent and chelating agent helps to 

break the interactions of nanoparticles with biomolecules. To this end, the use 

of ionic liquids has been recently proposed for the analysis of gold 

nanoparticles in tissues. Ionic liquids, especially those derivates from 

imidazolium groups have a high affinity to interact and solubilize nanoparticles. 
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Preliminary results obtained in our research group pointed out that the BMIM-

PF6 can extract gold nanoparticles from liver tissue homogenates. Nanoparticles 

were directly quantified in the IL by UV-Vis and Raman spectroscopy. Other 

sample treatment systems involve the use of surfactants. Supramolecular 

complexes of surfactant have also a high tendency to extract nanoparticles from 

aqueous systems. 

There is no doubt that sample treatment is a key step in the analysis of 

biological samples for the analysis of nanoparticles since sample treatment need 

to provide selectivity in addition to a high capacity to preconcentrate the 

nanoparticles. In addition to liquid-liquid extraction other treatments such as 

centrifugation, dielectrophoresis or field flow fractionation have been also 

applied. In general, it must be point out that these techniques have been 

applied to the study of the interaction of nanoparticles with biomolecules in 

order to determine and characterize the interaction established between the 

nanoparticle and the biomolecule. Although these techniques are a good 

alternative to analyze simple systems, there are not a real alternative for the 

analysis of complex biological samples. The most reliable attempt to extract and 

preconcentrate nanoparticles based on solid phase extraction is with the use of 

modified filters based on carbon nanotubes. The modified filters have a high 

capacity to adsorb carbon nanotubes. This methodology has been applied to 

the preconcentration of soluble carboxylic carbon nanotubes from waste water 

[65]. It will be also applicable to biological samples, but for that it is necessary 

the addition of chelating agents to avoid and minimize the interaction of 

nanoparticles with biomolecules. 

A large number of detection techniques have been applied to the analysis of 

nanoparticles, some of them focused on the assessment of its toxicity [66]. A 

general overview in presented in Figure 3. In general, three groups can be 

distinguished: 
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i. Microscopic techniques 

ii. Spectroscopic techniques 

iii. Electrochemical techniques 

In general, it can be affirmed that for the detailed characterization of 

nanoparticles or nanoobjects in general, such as subcellular compartments, and 

other very small biological structures, currently there is a lack of methods for 

chemical diagnostics and characterization, in particular of the molecular 

composition. Traditional methods with nanoscale lateral resolution (viz, standard 

atomic force microscopy, scanning tunneling microscopy and electron 

microscopy) typically yield very little or no chemical information, whereas 

traditional methods for chemical analysis (for example, mass spectrometry, 

spectrochemical analysis performed with microscope, etc.) are in many cases far 

from achieving nanoscale lateral resolution. 

 

Figure 3. General overview of analytical techniques for the analysis of nanoparticles in 

biological samples. 
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Microscopy-based techniques capable of analyzing nanoparticles include the 

well-known scanning and transmission electron microscopy (SEM and TEM) and 

atomic force microscopy (AFM) of the group of scanning probe microscopes 

[67]. These techniques allow exact information about type and characteristics 

(shape, size, etc.); however, one of their most important shortcomings is the low 

representativity of the results due to the small sample volume that are analyzed. 

Besides, sample preparation involves drying, which might result in aggregation 

of the sample and, thus, a false representation of the sample size in tissue. As 

well, inference of the three-dimensional structure from two-dimensional images 

is very difficult [68], but can be accomplished in some cases with stereological 

transformation [69]. Eventually, in-situ 3D characterization should be possible by 

nano-coupled tomography [70]. As advantage, by using classifical sample 

treatments applied to tissues it is possible to analyze biological samples. 

Although this technique can be applied to a wide number of nanoparticles, its 

use is mainly limited to the analysis of metallic nanoparticles due to resolution 

capacity. Because metals scatter light efficiently, electron microscopy is the 

technique of choice for physical characterization of colloidal gold nanoparticles 

[71]. However, many biological compounds (e.g., proteins) are invisible to TEM 

without heavy metal staining procedures, because these compounds do not 

sufficiently deflect an electron beam.  

Atomic force microscopy (AFM) relies on tapping a particle (either in solution or 

dried to a surface) and so has limited resolution of flexible compounds (e.g., 

proteins), which may move under the force applied by the instrument tip. Their 

use for the analysis of carbon nanoparticles in biosamples such as tissue is 

limited.  

Apart from providing information on particle aggregation, dispersion, size, 

structure and shape, additional elemental information can be obtained by 

coupling EMs to energy-dispersive spectrometry (EDS), which was employed to 
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confirm the presence of silver nanoparticles within cells [72] or to electron 

energy loss spectrometry (EELS), used in conjunction with TEM for elemental 

confirmation of carbon nanotube uptake [73]. The combination of these 

techniques is indispensable when it comes to the characterization of 

nanoparticles and other nano-structured materials. 

Spectroscopic techniques involve a large number of techniques: UV/Vis 

techniques, fluorescence techniques, NIR-fluorescence, infrared spectroscopy 

and Raman spectroscopy. These techniques provide a large level of information 

about nanoparticles. UV/Vis and fluorescence spectroscopy are the most useful 

for the analysis of metallic, oxide derivates and semimetallic nanoparticles. 

Fluorescence spectroscopy is useful in both the quantitative assessment of 

nanoparticle uptake as well as the qualitative assessment of nanoparticle 

localization. Quantitative assessment can be achieved through use of bulk 

fluorescence [74] or on a cell-to-cell basis using confocal fluorescence [75]. 

Non-natively fluorescent nanostructures can still be evaluated using 

fluorescence methods after applying one of many available labeling techniques 

in order to study the uptake in toxicological assays, although in the case of 

natural samples there is no a label that allows their detection. These studies also 

require additional control experiments to account for effects of the fluorescent 

surface dyes or incorporated species. 
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Figure 4. Characteristic Raman spectrum of a A)- multiwalled and B)- single walled 

carbon nanotubes. 

 

Contrary, Raman spectroscopy is the most important technique for the analysis 

of carbon nanoparticles. Figure 4 shows the characteristic spectrum of single 

walled and multiwalled carbon nanotubes. The spectrum reported is 

characteristic of the nanoparticle and its intensity can be related with 

concentration. Information about interaction and state of aggregation can be 

also obtained from the spectrum. In the case of single walled carbon nanotubes, 

NIR-fluorescence is a technique with a high capacity to classify the nanoparticles 

according to their chirality (see Figure 5) [76]. Optical-spectral methods are 

rather informative and practical for nanoparticles characterization. Good 

representativity of sample, simplicity of sample preparation, high productivity of 

analysis, opportunity of its automation and price availability of measurement 

instruments are among the advantages of these methods. The majority of 

optical spectral techniques also give the opportunity to measure nanoparticles 

parameters directly in a liquid. In a number of cases it is necessary to process 

the results received by optical-spectral methods together with the data of high 

resolution microscopy. 
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Figure 5. Classification of single walled carbon nanotubes according their chirality by 

NIR-fluorescence spectroscopy. A) Tridimensional spectrum and B)  classification 

according to carbon nanotube chirality. Reproduced with permission from [76]. 

 

Sizing of nanoparticles can be done using methods such as scanning and 

transmission electron microscopy, dynamic light scattering, and size-exclusion 

chromatography; however, the size values obtained can vary between these 

methods. A standard technique for measuring and reporting the hydrodynamic 

sizes of nanoparticles would be valuable. Available technologies for the size 

fractionation and collection of nanoparticle fractions in liquid mediums include 

the above mentioned size-exclusion chromatography as well as ultrafiltration 

and field flow fractionation [77]. Field-flow fractionation (FFF) is a high-

resolution method that can be an ideal candidate for direct separation, 

detection, and size characterization of nanoparticles in biological samples, 

because it allows for the separation of nanoparticles in a liquid matrix of desired 

composition and as a separation technique, provides a size distribution instead 

of an average value. FFF has been widely used to separate carbon nanotubes 

[78], particles [79], cells, bacteria, viruses, and natural organic matter. Unlabeled 

inorganic nanoparticles extracted from biological media have been 

characterized, separated and quantified by this technique [80]. Probably, the 
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most important shortcoming of this technique is the need of standards to 

calibrate the FFF equipment. The use of polymeric nanoparticles is the most 

useful approximation described to date. 

On-line particle size analysis in liquid mediums can be done using dynamic light 

scattering to obtain a particle size distribution [81]. Because dynamic light 

scattering (DLS) measures hydrodynamic diameter, it provides a fundamentally 

different measure of particle size from TEM or AFM. DLS is very sensitive to 

“soft” flexible biological molecules such as polymers, proteins, and antibodies 

because they cause significant frictional drag [82], which can dramatically 

influence the rate of the particle's motion under Brownian diffusion. DLS is 

therefore appropriate for measurement of the hydrodynamic size of protein 

bound nanoparticles. Complementary size characterization by TEM and AFM can 

be useful in resolving ambiguities due to the different measurement techniques. 

For example, the DLS-measured size may be influenced by particle 

agglomeration, and further analysis by TEM is required to ensure that the DLS-

measured sizes represent primary particle size (i.e., discrete particle size), and 

not the size of an agglomerate [83]. For polydispersed samples, the task is more 

difficult, since the signal intensity has a power relationship with size and the 

average size can be overestimated if some larger particles exist in the sample. 

Therefore, although DLS is a common method for measuring nanoparticle size 

ex-situ, it is not appropriate for nanoparticle analysis in-situ or in a digested 

biological sample, because of the multiple scattering issues. 

Since many nanomaterials are constructed of materials not found natively in the 

body, uptake of these nanomaterials can be quantified by determining the mass 

or concentration of these non-native elements within cells. Inductively coupled 

plasma atomic emission spectroscopy (ICP-AES) is a powerful technique for the 

quantification of internalized nanoparticle (NP) elemental composition [84,85] 

and has been used to quantify nanoparticle uptake. 
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Advantages of ICP-AES are sub-ppb detection limits, high precision, and a 

dynamic range of five orders of magnitude or more. But this technique is limited 

in biological systems to metallic nanoparticles since it is unable to characterize 

the uptake of carbonaceous nanoparticles (e.g. polymeric NPs and carbon 

nanotubes) because it cannot distinguish between cellular and nanoparticle 

sources of carbon. It also cannot differentiate between elements confined within 

the nanostructure and solvated ions that had leached from the nanomaterial as 

well as spatial information about the location of nanoparticles. In addition, 

conversion of the ICP-AES measurement to standard nanoparticle dosing units 

requires a well-characterized crystalline lattice and nanoparticle monodispersity 

as well as the assumption that the nanostructure does not change upon 

exposure to the cellular environment. Using similar procedures, samples can be 

also analyzed by ICP-MS. Mass spectrometry is a detector with a higher 

sensitivity than the optical emission spectroscopy (OES). In addition to its higher 

sensitivity, MS detectors can analyze isotopes and can perform multianalysis in a 

simple run. Furthermore, single-particle laser microprobe mass spectrometry 

(LAMMS) can provide chemical composition data on single particles from a 

collected fraction [86].  

Determining the concentration of nanoparticles in solution is more difficult. 

Concentration can be calculated from the optical density using the Beer– 

Lambert law given the extinction coefficient of the nanoparticle. However, as Yu 

et al. pointed out, the extinction-coefficient values published for quantum dots 

differ between groups by an order of magnitude [87]. Cryogenic TEM was used 

as an alternative method of determining concentration. This method involves 

direct counting of particles in a relatively fixed volume. As concentration or dose 

plays a significant role in biomedical applications of nanoparticles, having a 

standard technique of calculating this value is important. 
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After this general overview, several examples of the analysis of different types of 

nanoparticles in biological matrices are described below. In order to facilitate 

the text to readers, examples have been classified according to the nature of the 

nanoparticle because it is clearer than a classification based on the detection 

system. 

3. Analysis of metallic oxides and metallic nanoparticles 

While a lot of work was devoted to nanoparticles investigation in water 

suspensions, development of nanoparticles characterization techniques in 

biological liquids and tissues began more recently. Typically, nanoparticles can 

be detected in cells and tissues if they have been labeled with radioactive [88], 

magnetic [89], or fluorescent markers [90]. However, the inorganic nanosized 

powders being produced as bulk chemicals or the ultrafine particles produced 

by combustion processes do not have a convenient label that allows for their 

detection. As well, discrimination between nanoparticles, sub-micron particles, 

and soluble species with the same nominal elemental composition is a very 

difficult task. This complexity in detection and characterization of unlabeled 

nanoparticles in biological systems poses a major limitation for current research 

on environmental and occupational health effects of nanoparticles. 

An example of the determination of labeled nanoparticles is the use of 

fluorescent silica-capped NPs containing a CdSe-CdS core for the study of 

uptake and loss of these silica nanoparticles in living human lung epithelial cells 

[91]. A number of other luminescent silica NPs have been employed for labeling, 

and as long as there is not leakage of luminescent materials from the NPs, they 

have been shown to be compatible for in vitro testing. Examples of them are 

fluorescein isothiocyanate (FITC) in silica [92], FITC–silica coatings for iron oxide 

NPs [93], and encapsulation of other organic fluorophores for two-photon-

fluorescence imaging [94]. 
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A rapid, high-resolution methodology for characterization, separation, and 

quantification of unlabeled inorganic nanoparticles extracted from biological 

media, based on sedimentation filed-flow fractionation and light scattering 

detection, [80] has been developed. Silica nanoparticles were added to human 

endothelial cell lysate and rat lung tissue homogenate and incubated. The 

nanoparticles were extracted by acid digestion with nitric acid and then 

separated and characterized by sedimentation field-flow fractionation. Fraction 

collected at the peak maxima was analyzed by transmission electron microscopy 

(TEM) to verify their size and shape. A linear relationship between the particle 

number and the area under the fractogram was found. 

Many techniques have been used to identify and characterize natural inorganic 

NPs [95]. The ones most often used are transmission electron microscopy and 

scanning probe microscopy; images of individual NPs can be obtained with both 

techniques. However, only a minute fraction of material is characterized, which 

means that it can be extremely difficult to ensure that a representative sample is 

examined. Elemental analysis methods such as Atomic Absorption Spectroscopy 

(AAS) or Mass spectrometry (MS) can quantify nonlabeled nanoparticles, but do 

not provide direct information on the primary particle size or aggregation state. 

Besides, sample preparation can involve drying, which might result in 

aggregation of the sample and thus a false representation of the sample size in 

tissue. 

Dynamic light scattering is another common method for the size 

characterization of nanoparticles, although may be not appropriate for in-situ 

measurements or in a digested biological sample, because of the multiple 

scattering issues [96]. The heterogeneous nature of fluid such as serum can give 

rise to significant background signals. Moreover, samples of polymer/DNA 

complexes are typically dilute in nature and often contain large fractions of free 

polymer [97], which can interact with serum proteins and form aggregates that 
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strongly interfere with size measurements by conventional light scattering 

techniques [98]. However, Xie et al. [99] have developed a quantitative method 

for the estimation of gold nanoshell concentrations in whole blood and estimate 

the actual delivered dose of intravenously injected nanoparticles using dynamic 

light scattering. Triton X-100 was added to blood samples containing gold 

nanoshells to act as a quantitative scattering standard and blood lysing agent. 

Au nanoshells are similar in size and shape to other types of nanoparticles 

delivered intravascularly in biomedical applications, and given the pervasiveness 

of DLS in nanoscale particle manufacturing, this simple technique should have 

wide applicability toward estimating the circulation time of other solid 

nanoparticles. It has some limitations; one is that it is critical that the 

nanoparticles solution of interest remain unaggregated, since only separate, 

unattached particles will produce a scattering profile identical to the stock 

particles enabling concentration calibration. For in vivo oncology applications, 

however, this is often the goal for therapeutic reasons, and this technique 

primarily quantitates individual nanoparticles that remain in circulation and that 

are expected to produce a size dependent accumulation. Also, the use of Triton 

X-100 surfactant may limit the protocol to solid nanoparticles. Micellar or 

liposomal systems may be subject to breakdown or aggregation in the presence 

of this agent, rendering further analysis useless. 

Dynamic light scattering has been also employed to evaluate secondary TiO2 

nanoparticles size for in vitro toxicity assessment [100]. However, when using 

DLS to determine the hydrodynamic diameter of the nanoparticles in a 

biological media, it must be taken in account the fact that for example citrate-

stabilized gold colloids in the bloodstream are quickly coated by serum 

proteins. Dobrovolskaia et al. [101] demonstrated that after incubation with 

plasma the intensity-weighted average particle diameters increased, and trypsin 

digestion of the particle-bound plasma proteins returns the colloids to 

approximately their pre-incubation sizes. This measurement can be also 
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influenced by particle agglomeration, so TEM or AFM measurements are useful 

to determine if the increase could be attributed to a change in agglomeration 

state. 

Optical-spectral methods have been useful for the characterization of 

nanoparticles in biological fluids and tissues. Absorbance spectroscopy and 

resonant light scattering spectroscopy were used for determination of 

nanoparticles number concentration. Gold nanoparticles surface Plasmon 

resonance peaks are clearly visible on absorption and scattering spectra. Levin 

and coworkers from the Russian Scientific Research Institute for Optical and 

Physical Measurements in 2009 in the International Nanotechnology Forum 

Rusnanotech presented an overview on the characterization of nanoparticles in 

biological fluids and tissues with optical methods. Concretely, they executed 

measurements for nanoparticles suspensions in water, phosphate buffer 

solution (PBS), whole blood and plasma. Directly before measurement the 

filtration of solution through membrane filters with pore size about 0.2 microns 

was made. It was necessary to exclude light scattering on red blood cells, for 

this purpose lysis of red blood cells was made by dilution of blood with 

surfactant Triton X-100. 

In order to know NPs penetration efficiency through biological barriers it is 

necessary to define their concentration in organs and tissues. A possible 

method in this case is atomic absorption spectrometry with electrothermal 

atomization. Such approach is possible, if nanoparticle’s composition includes at 

least one element contained in organism not more then on trace level. 

Penetration of gold nanoparticles through skin of laboratory animals was 

investigated. Samples of liver and spleen from rats were subjected by autoclave 

mineralization and gold concentration in mineralized solution was measured 

using atomic absorption spectrometer with electrothermal atomization. 
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Moreover, electrothermal atomic absorption spectrometry (GFAAS) with 

Zeeman background correction has been used to measure the Ag concentration 

permeated through human abdominal full thickness skin [102]. Experiments 

were performed using the Franz diffusion cell method with intact and damaged 

human skin. Physiological solution was used as receiving phase and silver 

nanoparticles coated with polyvinylpirrolidone dispersed in synthetic sweat were 

applied as donor phase to the outer surface of the skin for 24 h. The receptor 

fluid measurements were performed by electrothermal atomic absorption 

spectroscopy (ETAAS). Human skin penetration was also determined by using 

transmission electron microscope (TEM) to verify the location of silver 

nanoparticles in exposed membranes. 

Electrophoretic methods, both gel and capillary electrophoresis are being widely 

employed for separation of nanoparticles, mainly as a function of their size, but 

in case of functionalized nanoparticles, the charge and pKa of the group 

attached to the NPs plays an important role in their separation. 

For instance, Hanauer et al. [103] demonstrated separation of gold and silver 

nanoparticles according to their size and shape by agarose gel electrophoresis 

after coating them with a charged polymer layer. The separation was monitored 

optically using the size- and shape dependent Plasmon resonance and 

confirmed by transmission electron microscopy (TEM). In other work, Xu et al. 

[104] also used agarose gel electrophoresis for preparative separation of gold 

nanoclusters with sizes of 5, 15 and 20 nm. Gold balls, plates and long rods 

could also be separated according to shape. Liquid chromatography (LC) and 

gel electrophoresis can also be coupled to inductively coupled plasma (ICP)-MS 

[105] for the separation of gold nanoparticle standards by size. 

The suitability of CE for the separation of metallic nanoparticles such as Au [106-

111], Ag [110, 111], maghemite (γ-Fe2O3) [112, 113], semiconductors (quantum 
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dots) [114-116], and mixtures of metal oxides such as TiO2, Fe2O3, Al2O3 and 

Fe3O4 [117, 118] has been also reported. 

Flow cytometry allows high-resolution size distribution analysis of multimodal 

populations of nanoparticles directly in biological fluids and a proof of principle 

for preparative fractionation of polydisperse samples in the submicron range. 

Flow cytometry integrates light scattering and fluorescence measurements to 

gather information regarding size, shape, morphology of cells, which are their 

originally target analytes, although recently this technique has been exploited to 

study submicron matter, including unilamellar synthetic vesicles, liposomes, viral 

particles and nucleic acid containing nanoparticles [119]. It is also possible to 

correlate nanoparticle counting directly with cell numbers or sort cells based on 

nanoparticle uptake using a flow cytometry technique such as fluorescence-

activated cell sorting (FACS) [120]. 

Inductively coupled plasma mass spectrometry (ICP-MS) has been also 

employed to quantitatively measure the presence of gold distribution in rats 

[121]. Gold suspensions were diluted by adding phosphate buffer saline in order 

to obtain a physiological solution for intravenous injection. One milliliter of each 

freshly prepared solution was injected in the tail vein. At 24 h after injection, 

blood and the following organs were collected: adrenals, aorta, brain, heart, 

kidney, liver, lung, lymph nodes (mesenteric and popliteal), spleen, testis, 

thymus, and vena cava. Organs were weighed, and tissue samples were 

homogenized and frozen for determination of gold content by inductively 

coupled plasma mass spectrometry. 

Many in vitro nanotoxicity studies have used ICP-AES to assess nanoparticle 

uptake of gold, [122,123,124], cerium-oxide [125], and iron-oxide nanomaterials 

[126] among others. Generally, sample preparation includes isolation of cells 

from culture media followed by acidic sample digestion before dilution and ICP-

AES analysis. In some instances, the mass concentrations obtained from ICP-AES 
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are converted into nanoparticle numbers after estimating the mass of a single 

nanoparticle using the atomic weight, the crystal lattice unit length and the well 

defined geometry of the nanoparticle [127]. 

The inherent fluorescent properties of some nanoparticles allow for facile 

analysis of uptake such as the recently reported uptake of quantum dots (QDs) 

by stem cells [128]. Recent advances in confocal light collection, such as 

spinning-disk confocal microscopy, can be used to monitor the trafficking of 

quantum dot trajectories [129] within cells with sub-second time resolution. 

4. Analysis of carbon nanoparticles 

In this section we will focus mainly in the analysis of fullerenes and carbon 

nanotubes since they are the most used carbon-based nanoparticles. Both 

carbon nanotubes and fullerenes are poor soluble in water, however, aggregates 

of fullerene nanoparticles can be dispersed in water solutions as well as carbon 

nanotubes, which are dispersed in water in the presence of surfactants. The 

concentrations of these nanoparticles in biological media as consequence of 

systemic exposure could be very low, so trace analysis will be required in order 

to develop toxicological studies of the nanomaterials. 

While a range of methods is accessible for detection and characterization of 

nanomaterials, a number of challenges will arise when analyzing these materials 

in biological matrices due to the analytical artifacts caused by sample 

preparation, lack of reference materials and the matrix of the sample. Few 

methods have been reported. 

One of the proposed methods for trace analysis of fullerenes in biological 

samples is a simplified liquid-liquid extraction (LLE) prior to high-performance 

liquid chromatography [130]. LLE is a usually choice in method development for 

complicated biological samples, although it has a longstanding problem: 
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emulsion. Xia et al. have demonstrated that the conventional LLE protocols 

could not be used for trace analysis of fullerenes in biological samples. The large 

amounts of proteins, lipids and surfactants in the biological samples would 

create a heavy emulsion that would interfere with the extraction. The emulsion 

problem is overcome by adding glacial acetic acid in order to solubilize the 

proteins and surfactants without causing significant analyte losses. Magnesium 

perchlorate was used to destabilize the nano-C60 particles in the water solution 

and promote the solvent extraction, since it is known that once nano-C60 is in 

water is difficult to be extracted back into the toluene phase. They found a 

serious drop in extraction efficiency at low concentrations. Several reasons could 

cause this problem including protein adsorption, glassware adsorption, or 

reconstitution loss. The glassware adsorption could cause analyte loss and 

extraction efficiency drop in trace analysis of small chemicals. Deactivation of 

the glassware is a routine practice to reduce the analyte loss. It was observed 

that glassware silanization only provided limited improvement. The extraction 

efficiency drop could be due to the C60 adsorption to the glassware or 

aggregation during dryness evaporation, which could not be re-dissolved into 

toluene even under sonication. Procedures of evaporation to dryness and 

reconstitution with a solvent are routine practice in chemical analysis; however, 

it cannot be used for trace analysis of fullerenes in biological and environmental 

samples. This method was evaluated with samples of BSA media and porcine 

plasma. 

Quantification of C60 can be performed by UV-Vis measurements for high 

concentrations; by using absorption bands of C60 which are located at 336, 407, 

540, and 595 nm. HPLC is used for the detection of low concentrations of C60 

[131] but also a method for the direct analysis by electrospray time-of-flight 

mass spectrometry has been developed [132]. 
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Optical spectroscopies are particularly useful for the analysis of homogeneous 

samples containing one type of nanoparticles. However, samples subjected to 

the analysis are often composed of populations of polydispersed nanoparticles. 

It is often necessary to study parameters such as size, shape and surface 

modification. If separation of subpopulations of nanoparticles present in the 

sample is required, application of techniques such as chromatography or 

electrophoresis should be considered [133]. For example, fullerenes can readily 

be separated and quantified by LC coupled to ESI-MS [134]. 

Electrophoresis has been also employed for the separation of single-walled 

carbon nanotubes, based on tube length [135], or diameter-selective CE 

separation for bundled and individual carbon nanotubes [136]. Gel 

electrophoresis has been useful for the separation of nucleic acid-carbon 

nanotube complexes [137]. Recently, Wang et al. [138] have developed a 

method to measure the concentration of SWNTs extracted from biological 

tissue. They employed polyacrylamide gel electrophoresis (PAGE) followed by 

quantification of SWNT bands by measure of the intensity from digitized images 

of these bands, which showed to be proportional to the amount of SWNTs 

loaded onto the gel. Normal rat kidney cells in culture were allowed to take up 

SWNTs upon exposure to medium containing various concentrations of BSA-

SWNTs for different times and temperatures. When BSA-SWNT dispersions were 

subjected to sodium dodecyl sulfate (SDS)-PAGE, BSA passed through the 

stacking gel, entered the resolving gel, and migrated towards the anode; 

however, SWNTs accumulated in a sharp band at the interface between the 

loading wall and the stacking gel. 

It has been also demonstrated the suitability of the combination of capillary 

electrophoresis with Raman spectroscopy or with scanning probe microscopy 

for individual single-walled carbon nanotube analysis [139]. This system could 
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be applied to the characterization of nanoparticles extracted from biological 

samples. 

CNT quantification is normally performed by UV-Vis spectrometry at high 

concentrations [140, 141]. CNT show strong absorption in the UV and visible 

region with peaks at 253 nm, 266 nm, 350 nm and strong absorption extending 

up to 1200 nm [142]. Wrapping of CNT with conventional fluorophores, 

fluorescent polymers or with DNA- oligonucleotides allowed their detection in 

biomedical applications. SEC with UV-detection was used for the separation of 

CNT from impurities and amorphous carbon. 

A work evaluated extraction of carboxylic CNTs from surface water using a filter 

modified with MWCNTs as a preconcentrator [65]. To prepare the filters, a 

dispersion of MWCNTs prepared in Triton X-100 was filtered through a nylon 

filter with a pore size of 0.45 μm. They were then washed with methanol and 

dried under air stream. MWCNTs can interact with SWCNTs through π-π 

interactions, showing a high capacity to adsorb SWCNTs. Similar methodologies 

can be adapted to be applied to biological samples. 

5. Analysis of nanodrug and nano-food additives 

Two aspects of nanotoxicology should be mentioned, which concerns the safety 

of nanodrugs. First, the patients will use the nanodrug particles, and it explains 

the need to examine their toxic profile not only in healthy organism, but also on 

animal models of particular diseases. Second, the wide spread of the genetic 

polymorphisms in human population suggests that some part of this population 

can be extremely sensitive to the action of nanoparticles [143]. This hypothesis 

agrees with the preliminary data on the role of oxidative stress in the realization 

of the toxic effects of nanoparticles and genetically determined heterogeneity of 

the antioxidant and other protective systems [144]. 
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6. Future trends 

One challenge for analytical chemists is the area of nanoparticle 

characterization. Firstly, most of the current techniques used for physical 

nanoparticle characterization provide only limited information before or after 

engineered nanoparticles are in the biological environment. In next years, it is 

expected the development of new methods to extract and preconcentrate the 

nanoparticles from the biological matrix before their physico-chemical 

characterization. Electron microscopy, scanning probe microscopy, and dynamic 

light scattering are techniques commonly used for this purpose, which reveal 

nanoparticle size and distribution but give no information about 

aggregation/agglomeration that may occur within the biological environment, 

adsorption of biomolecules, or degradation of the nanoparticle itself 

(biotransformation), all of which may change during residence within the 

biological system and would greatly influence nanoparticle uptake and/or 

behavior. These concerns suggest the future development of a new area among 

the field of nanotoxicology, which could be called as “nanomaterial speciation”. 

It will be focus on the determination of the nanoparticles taking into account 

their possible biotransformation. So, it is expected that nanoparticles having 

different biocoatings will have different effects from the toxicological point of 

view. 
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En el desarrollo experimental de la presente Tesis Doctoral se han empleado 

diferentes herramientas analíticas, que se describen brevemente en este Bloque. 

Tal es el caso de nanopartículas y nanomateriales, reactivos y muestras, la 

instrumentación empleada, aparatos y otros materiales. Por último, se describen 

los métodos utilizados para la síntesis de nanopartículas así como los 

procedimientos de dispersión y extracción de nanomateriales.    

II.1. NANOMATERIALES 

Los nanomateriales empleados durante el desarrollo experimental de esta Tesis 

Doctoral son los que se detallan a continuación:  

1.1. Nanotubos de carbono 

Se han empleado nanotubos de carbono de pared simple (SWNTs) así como de 

pared múltiple (MWNTs) obtenidos de diversas casas comerciales. La tabla II.1 

muestra las principales características de cada tipo de nanotubo.  

Tabla II.1. Características de los nanotubos de carbono objeto de estudio. 

 Diámetro (nm) Longitud (µm) Funcionalización 

MWNTs-1 10-30 10-30 2.5 (wt)% OH 

MWNTs-2 10-30 10-30 1.6 (wt)% COOH 

MWNTs-3 10-30 10-30 - 

MWNTs-4 5-20 1-10 - 

MWNTs-5 10-20 5-15 - 

MWNTs-6 9.5 1.5 - 

SWNTs <2 5-15 - 
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MWNTs-1, 2 y 3 fueron suministrados por Cheap Tubes Inc. (Brattleboro, 

Vermont, EEUU), con >90% de pureza en peso, y un contenido en cenizas <1.5% 

en peso. MWNTs-4 fueron proporcionados por Bayer Material Science 

(Alemania), MWNTs-5 por Shenzhen Nanotech Port Co. Ltd (NTP, China) y 

MWNTs-6 por Nanocyl (Bélgica).  

Nanotubos de carbono de pared simple (SWNTs) fueron proporcionados por 

Shenzhen Nanotech Port Co. Ltd (NTP), China, con una pureza superior al 90%, y 

un área superficial específica de 500-700 m
2
g

-1
. 

1.2. Nanopartículas metálicas 

Se han empleado nanopartículas de oro y plata recubiertas con citrato, 

nanopartículas de oro funcionalizadas con ácido tióctico, así como 

nanopartículas de oro sin ligandos en superficie obtenidas mediante la síntesis 

propuesta en la presente Tesis Doctoral. En el apartado II.5 de este bloque se 

detallan los procedimientos de síntesis empleados.  

II.2. REACTIVOS Y MUESTRAS 

Durante el desarrollo de la Tesis Doctoral se han utilizado los siguientes 

reactivos:  

 Reactivos para la síntesis de nanopartículas: ácido tetracloroaúrico 

(HAuCl4), cloruro de oro(III), citrato sódico dihidrato 99.5%, nitrato de 

plata, de Sigma-Aldrich.  

 Líquidos iónicos: 1-hexil-3-metilimidazolio hexafluorofosfato (HMIM 

PF6), 1-butil-3-metilimidazolio hexafluorofosfato (BMIM PF6).  

 Tensioactivos: Dodecil sulfato sódico (SDS), de Sigma-Aldrich; y Tritón 

X-100, cloruro de cetiltrimetilamonio (CTAC) y bromuro de 

cetiltrimetilamonio (CTAB), de Fluka.  

 Sales: nitrato potásico y cloruro sódico, de Sigma-Aldrich.  
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 Ácidos: ácido nítrico, ácido clorhídrico, ácido sulfúrico y ácido 

tricloroacético (TCA), de Panreac; ácido etilendiaminotetraacético 

(EDTA) y ácido 3-(ciclohexilamino)-1-propano sulfónico (CAPS), de 

Sigma-Aldrich.  

 Bases: hidróxido sódico e hidróxido potásico, de Sigma-Aldrich.  

 Disolventes: Etanol (Fluka), acetona, metanol (Sigma-Aldrich y J.T. 

Baker), óxido de deuterio (D2O), de VWR y agua ultrapura (MilliQ a 

través de un sistema Millipore).  

 Compuestos tiólicos: ácido tiomálico (o mercaptosuccínico) (Sigma-

Aldrich) y ácido tióctico (lipoico o 6,8-ditioctanoico) (Fluka).   

 Otros reactivos: 1,10-fenantrolina (VWR), ácidos húmicos (Sigma-

Aldrich).  

Todos los estándares, reactivos y disolventes empleados a lo largo de la 

investigación fueron de pureza analítica o superior. 

2.1. Muestras 

Para llevar a cabo el estudio de la utilidad analítica de los distintos métodos de 

determinación de nanopartículas desarrollados para su aplicación en muestras 

medioambientales y biológicas, se seleccionaron muestras de agua de río y 

muestras de tejido de hígado de pollo, respectivamente.  

Las muestras de agua de río recolectadas se almacenaron en frascos de vidrio 

ámbar sin dejar espacio de cabeza a 4ºC. Las muestras se recogieron de varios 

efluentes del Rio Guadalquivir a su paso por Córdoba (Andalucía). 

Las muestras de hígado de pollo fueron adquiridas de una carnicería local. Las 

muestras se secaron con acetona y se pulverizaron hasta tener una mezcla 

uniforme.  
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II.3. INSTRUMENTACIÓN 

En el desarrollo experimental de la presente Tesis Doctoral se ha hecho uso de 

diferentes equipos instrumentales, los cuales se describen a continuación. 

3.1. Espectrofotometría UV-Vis 

Para llevar a cabo las medidas UV-Vis se empleó una lámpara de halógeno 

como fuente de excitación y el monocromador y detector fotónico de un 

Espectrofluorímetro PTI QuantaMasterTM
 como detector (Photon technology 

International) controlado por el software FeliX32.  

3.2. Espectrómetros Raman portátil 

Para la caracterización de nanotubos de carbono y la determinación de los 

mismos así como de nanopartículas de oro se empleó un espectrómetro Raman 

portátil de B&W TEK Inc., conocido como i-Raman BWS415 (Raman portátil 1), 

que lleva acoplado un láser de diodo con una longitud de onda de 785 nm y 

una potencia máxima en el puerto de excitación de 354 mW±15%.  

Se ha trabajado además con un modelo posterior del mismo, denominado inno-

Ram (Raman portátil 2), también de la compañía B&W TEK Inc., con un láser de 

785 nm y una potencia de láser máxima en el puerto de excitación de 348 mW y 

285 mW en la sonda.  

Para tratar los datos se utilizó el software OPUS 5.0 y Unscrambler 9.1 (Camo).  

3.3. Microscopio Raman confocal 

Se ha utilizado un microscopio Raman confocal (CRM) alpha500 de WITec 

GmbH. El microscopio confocal requiere una fuente de luz (láser), que se enfoca 

sobre la muestra. La luz reflejada (Raman) se recoge con el mismo objetivo y se 

enfoca hacia un pinhole hacia el detector. De esta manera sólo la señal 
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procedente del plano focal llega al detector, lo que incrementa el contraste de 

la imagen y la resolución. El sistema combina la alta eficiencia del 

espectrómetro Raman con la alta resolución del microscopio óptico confocal, de 

manera que es posible combinar la información química con resolución lateral 

en el rango del sub-micrómetro. El equipo permite obtener el espectro Raman 

en un punto determinado, así como crear imágenes Raman de una superficie de 

la muestra.  

Para la excitación se utilizó un láser de doble frecuencia de Nd:YAG de 532 nm 

(segundo armónico), que resulta en una profundidad de penetración en silicio 

de 0.5 µm. Los espectros Raman se registraron con una rejilla de difracción de 

600 g/mm. El haz del láser se enfoca sobre la superficie de la muestra usando 

objetivos de 20x/0.4 de Zeiss y de 100x/0.95, 50x/0.80 en aire, y de 100x/1.25 de 

inmersión en aceite, de Nikon.  

 

Figura II.1. Microscopio Raman confocal acoplado con AFM de WITec.  

 

3.4. Microscopía de fuerza atómica (AFM) 

En cuanto a microscopía AFM se utilizó el microscopio AFM acoplado con el 

equipo alpha500 de WITec descrito anteriormente, utilizando el modo contacto 

intermitente. Para ello se empleó un cantiléver con recubrimiento reflectante 
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con una constante de fuerza de 42 Nm
-1

 y una frecuencia de resonancia de 285 

KHz.  

Asimismo también se empleó un microscopio AFM5500 de Agilent equipado 

con cantiléver SPM con sonda de silicio NCL-W Point.  Se utilizó modo contacto 

intermitente con una frecuencia de resonancia de 190 KHz y una constante de 

fuerza de 48 Nm
-1

.  

3.5. Microscopía electrónica (TEM y SEM) 

Para la caracterización de las nanopartículas se utilizaron los siguientes equipos 

de microscopía electrónica:  

 Microscopía de barrido electrónico: i) microscopio electrónico de 

barrido (SEM) JEOL JSM 6300 (Isaza, Alcobendas, España) con una 

capacidad de aumento de entre 70x y 300.000x y una resolución de 3~4 

nm (a 30 Kv); ii) microscopio de barrido electrónico a Quanta 3D FEG, 

FEI Company (Eindhoven, Países Bajos) equipado con un detector de 

rayos X por dispersión de energía.  

 Microscopía de transmisión electrónica: i) microscopio electrónico de 

transmisión PHILIPS CM-10, el cual permitió obtener imágenes 

aumentadas de 18x a 450.000x; ii) microscopio electrónico de 

transmisión JEOL JEM-1400; y iii) microscopio Electrónico de 

Transmisión de alta resolución JEOL JEM 2010 (con sistema de 

microanálisis de rayos X por dispersión de energía). 

Los microscopios que se han utilizado, a excepción del Quanta 3D FEG, 

pertenecen al servicio centralizado de apoyo a la investigación (SCAI) de la UCO.  
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3.6. Electroforesis capilar 

La separación de nanopartículas por electroforesis capilar se realizó utilizando 

un equipo P/ACE MDQ Beckman Coulter (Palo Alto, CA, EE.UU.) equipado con 

un detector UV-Vis de diodos en fila (DAD). Los capilares de sílice fundida 

utilizados fueron de 75 μm de diámetro interno. El equipo dispone del software 

32 Karat (versión 8.0) para el control del instrumento y la recogida y tratamiento 

de datos. 

3.7. Espectroscopia infrarroja  

Las medidas de infrarrojo se llevaron a cabo usando un espectrómetro FT-IR 

Vertex 70 equipado con una unidad BioATRCell-II y un detector de mercurio-

cadmio-telurio (MCT) refrigerado con nitrógeno líquido (Bruker Optics, 

Ettlingen, Alemania). Las medidas se realizaron en la modalidad de reflexión 

total atenuada (ATR). El equipo está acoplado a un sistema que permite 

controlar la temperatura de la cámara ATR. La adquisición y tratamiento de los 

datos se llevó a cabo con el software OPUS 6.5 (Bruker Optics, Ettlingen, 

Alemania).  

3.8. Espectroscopia de emisión óptica con plasma de acoplamiento 

inductivo (ICP-OES) 

Para investigar el mecanismo de la síntesis propuesta de nanopartículas de oro 

se utilizó un equipo Ultima2 Horiba Jobin Yvon de espectroscopia de emisión 

óptica con plasma de acoplamiento inductivo.  

II.4. APARATOS Y MATERIAL 

Durante el desarrollo del trabajo experimental realizado en esta Tesis Doctoral, 

se emplearon los siguientes aparatos: 
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- Baño de agua termostatizado de circulación FRIGITERM (J.P. Selecta, 

Barcelona, España). 

- Bomba peristáltica Gilson Miniplus-3 (Middleton, Estados Unidos). 

- Ultracentrífuga controlada por microprocesador (Centronic BL-II, J.P. 

Selecta, Barcelona, España). 

- Baño de ultrasonidos 50 W, 60 Hz (J.P. Selecta, Barcelona, España). 

- Sonda ultrasonidos Vibracell
TM

 75041(750 W, 20 KHz, Bioblock Scientific, 

Illkirch, Francia), equipada con una sonda de 3 mm.  

- Agitador Vortex (Heidolph, Mérida, España). 

- Agitador magnético (Velp Científica, Milán, Italia).  

- Placa calefactora con agitación magnética Agimatic-N (J.P. Selecta, 

Barcelona, España) 

- Horno cromatográfico HP 5890 (Agilent Technologies, Palo Alto, CA, 

USA). 

- pH-metro (Crison, modelo micropH 2000). 

- Balanza analítica Cobos AI-220CB (Cobos, Barcelona, España).   

- Balanza analítica de precisión OHAUS Explorer (OHAUS, Nänikon, Suiza).   

- Equipo de agua Milli-Q (Millipore, Bedford, MA, EEUU). 

- Sistema de microfiltración de diseño propio y construido por Inmeco 

(Córdoba). El diámetro de filtración es de 1.3 mm.  

 

 

Figura II.2. Sistema de microfiltración home-made con un diámetro de filtración de 1.3 

mm.  
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Asimismo se ha empleado el siguiente material: 

- Membranas de acetato de celulosa de tamaño de poro de 0.2 µm 

(Sartorius Stedim Biotech, Alemania).  

- Membranas de celulosa de tamaño de poro de 5 µm (Millipore).  

- Membranas de nylon de tamaño de poro de 0.45 µm (Supelco, USA) y 

filtros de nylon de 0.45 µm (Análisis vínicos, España). 

- Pieza de acero inoxidable 304.  

- Tubo de acero inoxidable de 1.5 m de longitud con un diámetro externo 

de 1/8’’ y 2 mm de diámetro interno (Análisis Vínicos, España).  

- Microjeringa Hamilton de 250 µL (Análisis Vínicos, España).  

- Micropipetas. 

- Cubeta ultramicro de Hellma con un paso óptico de 10 mm. 

- Material de vidrio de laboratorio, clase A.  

 

II.5. SÍNTESIS Y FUNCIONALIZACIÓN DE NANOPARTÍCULAS 

5.1. Síntesis de nanopartículas de oro con citrato 

Las nanopartículas de oro se sintetizaron de manera análoga al método 

propuesto por Turkevich et al.
1
 con algunas modificaciones. En primer lugar se 

limpia todo el material que se va a emplear en la síntesis con agua regia (mezcla 

1:3 de HNO3:HCl), se enjuaga con agua ultrapura y se seca con aire. Las 

disoluciones de HAuCl4 y citrato sódico se prepararon en agua ultrapura y se 

filtraron antes de su empleo. Se preparan 50 mL de una disolución de HAuCl4 

0.01% y se ponen a calentar con agitación magnética. Una vez que esté 

hirviendo la disolución se añaden 0.254 mL de una disolución de citrato sódico 

al 1%. Se deja reaccionar durante 15 minutos. Al cabo de este tiempo se añaden 

                                                           
1
 J. Turkevich, P.C. Stevenson, J. Hillier, J. Discuss. Faraday Soc. 11 (1951) 55-75. 
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5mL de HAuCl4 0.01% caliente y a continuación 0.254 mL de citrato sódico 1%. 

Se deja reaccionar otros 15 minutos. Una vez transcurrido este tiempo, se apaga 

el calentador de la placa y se mantiene la agitación mientras se enfría hasta 

temperatura ambiente. La disolución se guardó en un frasco de color topacio y 

se almacenó a 4ºC.   

Modificando la cantidad de citrato que se añade para la reducción del ácido 

tetracloroaúrico se obtienen nanopartículas de oro de distinto tamaño, como 

puede verse en la Figura II.3.  

 

Figura II.3. Nanopartículas de oro de distinto tamaño obtenidas mediante reducción con 

citrato añadiendo distinta cantidad del mismo. El tamaño de las nanopartículas 

determina el color de la disolución coloidal.  

 

5.2. Síntesis de nanopartículas de oro mediada por acero inoxidable 

Las nanopartículas de oro se sintetizaron mediante la reducción del HAuCl4 en 

condiciones ambiente mediada por acero inoxidable. Todo el material de vidrio 

se lavó con agua regia recién preparada (mezcla 1:3 HNO3:HCl) y con agua 

destilada. Se introdujo una pieza de acero inoxidable 304 (con una superficie de 

12,9 mm
2
) en 100 µL de una disolución 0.2 mgmL

-1
 de HAuCl4. La reacción tiene 

lugar a temperatura ambiente, el substrato de acero inoxidable se usó 
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simultáneamente como agitador durante la síntesis. Las nanopartículas se 

almacenaron a 4ºC. Si se incrementa la temperatura, la reacción se acelera 

significativamente. Se ha comprobado que tanto acero como acero inoxidable 

conducen a la formación de AuNPs, sin embargo, dada su utilidad y 

disponibilidad, los estudios se limitaron a acero inoxidable.  

El procedimiento de síntesis se ha automatizado para su obtención en flujo 

continuo. La disolución de HAuCl4 se introduce en un tubo de acero inoxidable 

(1/8’’ diámetro externo, 2 mm diámetro interno, 1.5 m longitud) usando una 

bomba peristáltica, que controló los flujos entre 0.041 y 3.63 mL min
-1

. El tubo 

de acero inoxidable está sumergido en un baño termostatizado que controla la 

temperatura de reacción. Las nanopartículas se recogen al final del tubo en un 

vial de cristal y se almacenan a 4ºC. Tras la reacción, el tubo de acero inoxidable 

se limpia con una mezcla 1:3 de ácido nítrico y clorhídrico para eliminar posibles 

restos de oro en las paredes, se llena con agua y se seca con aire.  

5.3. Síntesis de nanopartículas de plata con citrato 

Las nanopartículas de plata se prepararon de acuerdo con el método descrito 

por Lee y Meisel
2
. Se disolvieron 9 mg de nitrato de plata en 50 mL de agua 

ultrapura y se calentaron hasta ebullición. Entonces, se añadieron 5 mL de una 

disolución 1% de citrato sódico y la disolución se dejó hervir a reflujo durante 

90 minutos. Tras enfriarlo a temperatura ambiente se obtiene una disolución 

amarilla-gris que contiene las nanopartículas de plata (AgNPs), que se 

almacenaron en un frasco de color topacio a 4ºC.  

5.4. Funcionalización de nanopartículas de oro con ácido tióctico 

La funcionalización de las nanopartículas de oro con ácido tióctico (TA) tiene 

lugar a través de un enlace Au-S con el derivado tiol por adsorción química en 

                                                           
2
 P.C. Lee, D. Meisel, J. Phys. Chem., 86 (1982) 3391. 
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la superficie de la nanopartícula. La disolución de AuNPs obtenidas con citrato 

se trató con un exceso de ácido tióctico (1:3 Au/tiol) añadiendo pequeñas 

cantidades del mismo a la vez que se reajusta el pH a 8 para evitar que 

precipiten las nanopartículas. La dispersión se mantuvo agitando 12 horas y se 

purificó mediante diferentes etapas de lavado con agua ultrapura y dietil éter 

sometiendo la dispersión a centrifugación (14489 g) para eliminar posibles 

ligandos que no hayan reaccionado. Las nanopartículas permanecieron estables 

en disolución sin aglomerarse a temperatura ambiente durante un periodo de 6 

meses.  

 

Figura II.4. Esquema de la reacción de intercambio de ligandos para la funcionalización 

con ácido tióctico de nanopartículas de oro obtenidas mediante síntesis con citrato. 

 

5.5. Funcionalización de nanotubos de carbono (SWNTs) 

Se carboxilaron nanotubos de carbono monocapa (SWNTs) añadiendo en un 

matraz de vidrio 100 mg de SWNTs y 20 mL de una mezcla 3:1 de H2SO4/HNO3. 

La mezcla se mantuvo en reflujo durante 1 hora. A continuación, fracciones 

diluidas de la mezcla se centrifugaron a 10062 g durante 10 minutos y se 

lavaron con agua hasta que el sobrenadante dejó de tener pH ácido. 

Finalmente, los nanotubos de carbono monocapa carboxilados (c-SWNTs) se 

(1:3 Au/TA)

TA-AuNPs
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secaron a 60ºC en una estufa. Después del tratamiento ácido, los c-SWNTs 

están cargados negativamente con grupos carboxilos en las paredes y los 

extremos abiertos, lo que los hace solubles en agua. El método de carboxilación 

está basado en el descrito por Xue y Cui
3
, con algunas modificaciones.  

II.6. PROCEDIMIENTOS DE DISPERSIÓN, EXTRACCIÓN Y 

PRECONCENTRACIÓN DE NANOPARTÍCULAS 

6.1. Dispersión de nanotubos de carbono 

Los nanotubos de carbono son insolubles en agua y tienen una gran tendencia 

a la agregación. En la presente Tesis Doctoral se han seguido dos estrategias 

para lograr dispersiones estables de este nanomaterial: i) funcionalización 

mediante la carboxilación de SWNTs, como se ha explicado anteriormente; y ii) 

dispersión con ayuda de tensioactivos. En este sentido se ha demostrado la 

posibilidad de dispersar SWNTs y MWNTs con ayuda de Tritón X-100, dodecil 

sulfato sódico (SDS) o bromuro de cetiltrimetilamonio (CTAB). Más detalles 

sobre la dispersión con tensioactivos se encuentran en el capítulo 6 de esta 

Memoria.  

6.2. Microextracción líquido-líquido con líquidos iónicos 

La microextracción líquido-líquido en líquido iónico se ha empleado para la 

extracción y preconcentración de nanopartículas de oro y nanotubos de 

carbono.  

Para las nanopartículas de oro el procedimiento general consiste en poner en 

contacto 3 mL de agua de río fortificada con las nanopartículas de oro y CTAC 

hasta concentración 1.67 mM, con 0.3 g de líquido iónico (BMIM PF6). El sistema 

se agita manualmente durante 30 segundos y se deja reposar para favorecer la 

                                                           
3
 W. Xue, T. Cui, Nanotechnology, 18 (2007) 145709/1-145709/7 
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separación de fases (Figura II.5). El procedimiento se modificó para el caso de 

las muestras de hígado de pollo. En ese caso se añadió ácido tricloroacético 

(TCA) 0.15 M, para desnaturalizar las proteínas y que precipiten de modo que 

no interfieran en las medidas posteriores, y EDTA 3.33 mM, como agente 

complejante de posibles iones interferentes, a 3 mL de agua ultrapura, que se 

pusieron en contacto con 2 mg de hígado de pollo pulverizado. Dicha 

suspensión se fortificó con AuNPs y se agitó durante 1 hora. Después se separó 

la fase sólida mediante centrifugación a 1370 g durante 5 minutos. El 

sobrenadante se trató con CTAC 1.67 mM y 0.3 g de BMIM PF6 para extraer las 

nanopartículas.  

 

Figura II.5. Microextracción de nanopartículas de oro en líquido iónico BMIM PF6. 

 

En el caso de nanotubos de carbono, el procedimiento genérico consiste en 

poner en contacto 2 mL de agua de río (que contiene los CNTs) a la que se le 

añade CTAC hasta una concentración final 3.12 mM y a pH ajustado a 1.4 con 

0.1 g de líquido iónico (BMIM PF6). El sistema se agita manualmente durante 30 

segundos y se deja reposar para favorecer la separación de fases.  
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6.3. Preconcentración de c-SWNTs sobre un sustrato SERS. 

Se han preconcentrado c-SWNTs en muestras acuosas sobre un sustrato activo 

en SERS compuesto por nanopartículas de oro sin ligandos en superficie 

mediada por acero inoxidable (propuesta en el capítulo 3) microfiltradas sobre 

una membrana comercial de acetato de celulosa con un tamaño de poro de 0.2 

µm. La muestra que contiene los nanotubos de carbono carboxilados es 

microfiltrada, usando el dispositivo de la figura II.2., quedando los nanotubos 

adsorbidos y concentrados sobre las nanopartículas de oro previamente 

depositadas.  

6.4. Preconcentración de c-SWNTs en membranas modificadas con 

MWNTs.  

Se han preconcentrado c-SWNTs en muestras acuosas mediante el uso de una 

membrana de celulosa modificada con MWNTS, que actúan como sorbente. 

Para ello se microfiltraron 5 mL de muestra acuosa usando el dispositivo de 

microfiltración casero anteriormente mostrado (Figura II.2) con ayuda de una 

bomba peristáltica para mantener un flujo constante. Posteriormente se pasan 5 

mL de una disolución de KOH a pH 12 para eliminar posibles interferencias de 

ácidos húmicos, y, finalmente, se pasa 1 mL de agua ultrapura.  
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Las nanopartículas de oro se han usado ampliamente en diversos campos 

gracias a las extraordinarias propiedades que exhiben, lo que atraído un 

creciente interés hacia los métodos de síntesis de las mismas. Los métodos 

convencionales de síntesis de nanopartículas de oro se basan en la reducción 

química de Au(III) requiriendo reactivos químicos y ligandos que pueden inducir 

toxicidad biológica en los productos finales o causar problemas en futuras 

funcionalizaciones
1
. Para evitar estos inconvenientes, generalmente, las 

nanopartículas se someten a una etapa de purificación tras la síntesis
2
. Por otro 

lado, los reactivos usados para la reducción y estabilización de nanopartículas 

pueden ser contaminantes
3
.  

Como alternativa, en los últimos años se han desarrollado métodos que 

implican el uso de extractos de plantas o microorganismos de modo que no 

sean dañinos con el medio ambiente
4
. Asimismo, nanopartículas de oro sin 

ligandos en superficie se han sintetizado por medios físicos y/o electroquímicos 

(ej. irradiación láser)
5
. Por otro lado, otra tendencia en cuanto a la síntesis de 

nanomateriales, es el uso de sistemas de síntesis en continuo como 

microreactores
6
, ya que se obtienen disoluciones de nanopartículas más 

homogéneas, y pueden escalarse fácilmente siendo procesos más eficientes 

energéticamente.  

                                                           
1
 M. C. Daniel, D. Astruc, Chem. Rev. 104 (2004) 293–346. 

2
 C. J. Ackerson, P. D. Jadzinsky, G. J. Jensen, R. D. Kornberg, J. Am. Chem. Soc. 128 (2006) 

2635–2640. 
3
 S. F. Sweeney, G. H. Woehrle,  J. E. Hutchison, J. Am. Chem. Soc. 128 (2006) 3190–3197. 

4
 T. Panda, K. Deepa, J. Nanosci. Nanotechnol. 11 (2011) 10279-10294.  

5
 V. Amendola, M. Meneghetti, J. Mater. Chem. 17 (2007) 4705–4710. 

6
 C.X. Zhao, L. He, S.Z. Qiao, A.P.J. Middelberg, Chem. Eng. Sci. 66 (2011) 1463-1479. 
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En este bloque de la memoria de la Tesis Doctoral se presenta un nuevo 

método de síntesis de nanopartículas de oro a partir de ácido tetracloroaúrico 

utilizando acero inoxidable como agente reductor, que puede recuperarse de la 

disolución y ser reutilizado (capítulo 3). Las nanopartículas obtenidas a través 

de este nuevo procedimiento de síntesis han sido caracterizadas por diversas 

técnicas microscópicas y espectroscópicas, proponiéndose un posible 

mecanismo de reacción. Además, se ha demostrado el potencial de dichas 

nanopartículas para su uso como substrato SERS, aplicación que se verá con 

mayor profundidad posteriormente en el capítulo 12.  

Por otro lado, en el capítulo 4 se describe la producción en flujo continuo de 

dichas nanopartículas, usando un reactor tubular de acero inoxidable que 

conduce a la reducción del ácido tetracloroaúrico. De este modo la síntesis tiene 

lugar de modo automatizado y continuo. Modificando las condiciones del 

reactor, como la temperatura o velocidad de flujo, se obtienen nanopartículas 

con distinto tamaño como se ha demostrado mediante estudios de 

espectroscopia UV-Vis y de microscopía TEM.  
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A simple, environmentally friendly, one-pot method to synthesize highly stable 

bare gold nanoparticles (AuNPs) has been developed. AuNPs have been 

synthesized from tetrachloroauric acid solution using steel or stainless steel as 

solid reducing agent, which can be reused. The proposed method yields bare 

gold nanoparticles at atmospheric pressure and room temperature for 

potentially producing large quantities. The obtained AuNPs have been 

characterized by SEM, TEM and AFM finding an average diameter of around 20 

nm, polygonal yet nearly spherical shape and a narrow size distribution. The 

mechanism of reaction has been investigated by UV-vis spectroscopy, ICP-OES 

and EDX analysis. The obtained dispersed gold nanoparticles proved to be 

stable if stored a 4ºC for over four months without the addition of a stabilizing 

agent. Their analytical potential as SERS substrate has been demonstrated and 

their performance compared with that showed by citrate-coated gold 

nanoparticles. Thanks to their unique properties, their use as analytical tools 

provides analytical processes with enhanced selectivity and precision.  

Keywords: bare gold nanoparticles, stainless steel, synthesis, characterization, 

surface enhanced Raman spectroscopy, carbon nanotubes. 
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1. Introduction 

Noble metal nanoparticles -gold nanoparticles (AuNPs) being included among 

them- have arouse great attention, offering huge potential for their application 

in fields such as nanomedicine and nanotechnologies as they provide several 

opportunities in imaging, diagnostics, and therapies [1,2].  

In general, the synthetic routes leading to nanoparticles can be grouped into 

top-down and bottom-up strategies. In the so-called top-down approaches, 

nanoparticles are directly generated from bulk materials via the generation of 

isolated atoms usually involving physical methods such as milling, attrition, 

repeated quenching and photolithography [3]. Bottom-up strategies comprise 

molecular components as starting materials linked with chemical reactions, 

nucleation and growth process to promote the formation of clusters. Usually, 

they rely on the chemical reduction of metal salts, electrochemical pathways, or 

the controlled decomposition of metaestable organometallic compounds [4].  

Among all the methods described, colloidal gold is most often prepared by 

reduction of gold halides (for example HAuCl4) with the use of chemical 

reducing agents in solution such as sodium citrate [5,6,7] -also in the presence 

of tannin [8,9]-, sodium borohydride [10,11], ascorbic acid [12], 

ethylenediaminetetraacetic acid (EDTA) [13] or cyanoborohydride [14], which 

usually requires stabilizers or ligands. In most of these cases, the solution will be 

composed by the metallic particle, a counterion, the reductant or its byproducts 

(such as ketoglutaric acid for example in the case of citrate reduction [15]) and, 

in some cases, an organic stabilizer. The presence of those adsorbates may 

affect the optical characteristics of nanoparticles [16] as well as their 

photochemical reactivity [17], limiting future functionalizations [18] and causing 

interferences in cytotoxicity studies [19]. Moreover, chemicals employed for 

both reduction or stabilization of nanoparticles can be waste pollutants [20]. In 
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the last years, several so-called “green” synthetic methods involving the use of 

plant extracts as well as microorganism have been proposed [21,22].   

While less commonly applied, bare gold nanoparticles without impurities within 

the metal particle surface have been also synthesized via physical (based on 

ultrasonic, UV, IR or ionizing radiation or laser photolysis) [23,24,25,26] and 

electrochemical methods [27]. The advantages of those methods are that 

impurities of chemical compounds are absent on the metal particle surface. 

Laser ablation has been used for the synthesis of gold nanoparticles in liquid 

solution [26,28], obtaining AuNPs without chemical reagents or ligands. Those 

particles are electrically charged, thus, the resulting solution being stable for up 

to several months. However, it does not allow good control of size and size 

distribution. The formation of colloidal unmodified gold nanoparticles has been 

also achieved by irradiation of a precursor solution with X-rays from a 

synchrotron source, without the need of pre-added stabilizers [29]. Furthermore, 

gold nanoparticles have been produced by H2 reduction of Au(III) oxide without 

any addition of stabilizer or counterion other than the metal ions and water 

dissociation ions [30].  

This study demonstrates the possibility to synthesize bare gold nanoparticles 

(AuNP) from tetrachloroauric acid solution using steel or stainless steel as solid 

reducing agent. This green method avoids the use of a reductant in solution. 

Furthermore, the proposed synthesis method yields bare AuNPs at atmospheric 

pressure and room temperature for potentially producing large quantities, 

whereas the methods described to date to achieve nanoparticles without 

ligands usually require more complex instrumentation or reaction conditions 

such as e.g., molecular hydrogen at a pressure slightly higher than atmospheric 

conditions [30]. The analytical potential of these bare gold nanoparticles has 

been demonstrated for their use as substrates in surface enhanced Raman 

scattering (SERS) spectroscopic determination of carboxylated single walled 
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carbon nanotubes (c-SWNTs).Their performance has been compared with that 

of gold nanoparticles reduced by citrate.  

2. Experimental 

2.1. Materials and reagents 

HAuCl4 (Sigma Aldrich) was used to synthesize the gold nanoparticles. Before 

synthesis the material were washed with a mixture of nitric acid and 

hydrochloric acid (PANREAC). 1,10-phenantrolin was purchased from VWR 

(Germany). Sodium citrate dihydrate 99.5% (Sigma Aldrich) were used to 

synthesize citrate-coated gold nanoparticles in order to be compared with those 

obtained with the proposed method. A flat piece of 304-stainless steel was 

employed as solid reductant of gold salt in order to form gold nanoparticles.  

Single walled carbon nanotubes (SWNTs) used to investigate SERS properties of 

synthesized nanoparticles were purchased from Shenzhen Nanotech Port Co. 

Ltd (NTP) (China), with a purity over 90%, an outer diameter of <2 nm, a length 

of 5-15 µm and a special surface area of 500-700 m
2
/g. Acetate of cellulose 

membranes of 0.2 µm pore size were purchased from Sartorius Stedim Biotech 

(Germany).  

2.2. Equipments 

Characterization of the nanoparticles was performed using an AFM 5500 by 

Agilent equipped with NCL-W Point probe-Silicon SPM-cantilevers. For AFM 

studies of AuNPs, a piece of silicon wafer was covered with AuNP suspension, 

dried, and then imaged by AFM in tapping mode with a resonance frequency of 

190 KHz and a force constant of 48 N m
-1

. SEM measurements were performed 

with a Quanta 3D FEG, FEI Company (Eindhoven, Nederland) equipped with an 

energy dispersive x-ray spectroscopy (EDX) detector. TEM images were recorded 

using a PHILIPS CM-10 system. UV/Vis measurements were performed using a 
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halogen lamp as light source, and a monocromator combined with a photonic 

detector of a PTI Fluoresecence Master System as detector. In order to 

investigate the mechanism of the reaction and the involved constituents an 

Ultima2 Horiba Jobin Yvon ICP-OES was used.  

Raman measurements were performed with a portable Raman spectrometer 

system (inno-Ram) from B&W TEK Inc. with a wavelength of 785 nm and a 

maximum laser output power of 285 mW in the probe. Laser power was set to 

5.7 mW for measurements, using a 1 s acquisition and accumulating a total of 

10 spectra.  

2.3. Stainless steel assisted synthesis of bare gold nanoparticles 

Gold nanoparticles were synthesized by a novel method, which is based on the 

reduction of the HAuCl4 mediated by stainless steel at ambient conditions. All 

glassware were cleaned with freshly prepared aqua regia (HNO3:HCl 1:3 mixture) 

and then rinsed thoroughly with distilled H2O prior to use. A piece of 304-

stainless steel (12.9 mm
2
 of total surface) was introduced into 100 µL of a 0.2 

mg mL
-1

 aqueous solution of HAuCl4. The reaction is carried out at room 

temperature and the stainless steel substrate was simultaneously used as stirrer 

during the reaction. By increasing the temperature, the reaction is significantly 

accelerated. Higher concentrations of HAuCl4 have also been tested; a 10-fold 

higher concentrated HAuCl4 solution (2mg mL
-1

) leads to more rapidly obtaining 

gold nanoparticles, yet, the stability of the solution is reduced. 

It should be noted that both steel and stainless steel may act as reducing agent. 

Due to its utility and availability, the current study was limited to stainless steel 

as solid reducing agent. 
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2.4. Synthesis of gold nanoparticles by citrate reduction 

Gold nanoparticles obtained via HAuCl4 reduction mediated by sodium citrate 

were also prepared according to the method described by Turkevich et al.[5] 

with some modifications as described elsewhere [31]. All glassware were cleaned 

with freshly prepared aqua regia (HNO3:HCl 1:3 mixture) and then rinsed 

thoroughly with distilled H2O prior to use. HAuCl4 and sodium citrate solutions 

were filtered through a 0.45 µm nylon membrane prior use. 0.254 mL of a 15 

sodium citrate solution were added to a 0.01% boiling solution of HAuCl4. The 

system was then left to react while being stirred for 15 min. Afterwards, 5mL of 

0.01% HAuCl4 solution were added to the system followed by 0.254 mL of 1% 

sodium citrate solution and it was stirred at heating for 15 min. Then the heater 

was switched off and the solution was kept stirred until cool to room 

temperature. Gold nanoparticles were stored at 4ºC in an amber bottle.  

2.5. SERS measurements 

In order to prove the analytical potential of these nanoparticles obtained 

through the proposed procedure, SERS spectra of carboxylated single walled 

carbon nanotubes were measured. Carboxylated carbon nanotubes (c-SWNTs) 

were prepared by adding 100 mg of SWNTs to 20 mL of 3:1 H2SO4/HNO3 

mixture in a glass flask, as described elsewhere [32]. After refluxed for 1 hour, c-

SWNTs were washed with water and centrifuged at 10062 g for 10 minutes until 

the pH were neutral. Finally, carboxylated carbon nanotubes were dried in a 

heater set at 60ºC. Carboxylic groups present in nanotube sidewalls and open 

ends provide them solubility in water.  

SERS measurements were carried out by depositing 10 µL of gold nanoparticles 

solution on acetate of cellulose membrane (pore size of 0.2 µm) by using a 

home-made filtration device with a filtration diameter of 1.3 mm. Then, aqueous 

stock solutions of c-SWNTs were filtered and nanotubes adsorbed on previously 



 Bloque III. Síntesis de nanopartículas 

 

   
 

174 

deposited gold nanoparticles. The intensity of carbon nanotubes G band around 

1583 cm
-1

 was selected as analytical signal to prove the suitability of bare gold 

nanoparticles as SERS substrate.  

3. Results and discussion 

3.1. UV-vis spectroscopic characterization 

If steel or stainless steel is inserted into a tetrachloroauric acid solution, the 

homogenous formation of gold nanoparticles in solution is observed along with 

a small amount of AuNPs formed at the surface of the solid reducing agent. The 

kinetics of the synthesis of AuNPs may be directly observed via UV/Vis 

spectroscopy in a cuvette (Fig. 1) since gold nanoparticles provide a 

characteristic absorption due to their plasmon resonance bands [33]. The 

solution was stirred at low velocity in order to assure homogeneity. The own 

stainless steel acts as stir bar as synthesis of the nanoparticles takes place in a 

vial placed on a magnetic stirrer.  

 

Figure 1. Kinetics of the stainless steel assisted synthesis of AuNPs performed in a UV/Vis 

cuvette under stirring at two different temperatures. The initial concentration of HAuCl4 

was 0.2 mg mL
-1

. The graph represents the increment in absorbance of the maximum and 

the base of the peak.  
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Figure 2. Effect of temperature for a reaction time of 3 min (top): the left image depicts 

the absorbance band of gold nanoparticles solution measured 3 min after introducing 

the stainless steel piece into the tetrachloroauric solution, the right image show the linear 

dependence of the band height with temperature conditions. Influence of the pH in the 

reaction for a temperature of 40ºC and 3 min of reaction (bottom): left image shows UV-

vis spectra of gold nanoparticles solutions synthesized at different pH conditions, the 

right image depicts the dependence of band height with pH. 

 

As can be seen in Figure 1, the reaction is almost completed after 70 minutes 

when it is performed at room temperature (~20ºC). In addition to the UV/Vis 

spectra evolution shown in Figure 1, in order to corroborate the quantitative 
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production of gold nanoparticles, synthesized gold nanoparticles were 

centrifuged at 10062 g. Then, the supernatant was analyzed showing no 

absorption at around 320 nm typical of Au(III) species (visually it can be also 

observed that the yellowish colour typical of Au(III) was not present).  

The influence of temperature on the performance of the synthesis was studied. 

It was found that when temperature was increased until 70ºC, the reaction was 

accelerated to only 15 min until completion. Figure 2 (top) also depicts the 

dependence of formation rate of gold nanoparticles at four different 

temperatures, namely: 25, 40, 70 and 85ºC. As can be seen, the absorbance 

intensity of gold nanoparticles solutions for a reaction time of 3 minutes 

increases linearly when increasing temperature, which means that nanoparticles 

are being synthesized faster and a higher concentration of them are present in 

solutions at higher temperature for a certain time in comparison with those at 

lower temperatures.   

Moreover, the effect of pH was studied in the range of 2.6-6.37. The chemical 

stability of HAuCl4 constitutes the high pH limit. Figure 2 (bottom) shows the 

behavior observed, being low pH most appropriate to perform the synthesis 

since leads to high rates of formation of nanoparticles. A pH of 2.6 was selected 

for further experiments. As can be seen in Figure 2, at pH 6.37 the formation of 

gold nanoparticles has not started after 3 minutes of reaction, probably due to 

Au(III) instability. The pH of the solution was monitored during the synthesis of 

gold nanoparticles observing that pH value keeps almost constant around a 

value of 2 (using a starting HAuCl4 solution of 200 mg dL
-1

). 

3.2. Microscopic characterization 

The obtained gold nanoparticles have been characterized by scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), and atomic force 

microscopy (AFM) in order to determine their size and shape. From the TEM 
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images, also the size distribution has been calculated (Figure 3). The obtained 

AuNPs appear homogeneous in shape and size and of polygonal yet nearly 

spherical shape. Of particular interest is also the fact that thus obtained AuNPs 

are well dispersed with neither aggregates nor rods observed. The average 

diameter of the nanoparticles was determined to be 20 ± 6 nm. 

 

 

Figure 3. Top: TEM images of collected individual gold nanoparticles obtained during 

stainless steel assisted synthesis. Bottom: Size distribution of the particles resulting in 

dave= 20 ± 6 nm. 

 

AFM studies have confirmed the nominal colloid size for the obtained nanoscale 

particles (Figure 4). The average size of the nanoparticles derived from AFM 

studies was 21 ± 9 nm, which is comparable to the results obtained using TEM. 
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Figure 4. AFM image of the gold nanoparticles deposited on silicon wafer and dried 

measured in tapping mode with a resonance frequency 190 KHz and a force constant 48 

Nm
-1

. The right figure shows a representation of the topography of an image cross 

section of the picture. 

 

3.3. Inductively coupled plasma atomic emission spectroscopy studies 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was used 

to analyze which metals were present in solution after the synthesis. A 

systematic study of the solutions containing gold nanoparticles synthesized by 

introducing the stainless steel piece in a tetrachloroauric solution was 

performed at different pH values, as shown in Figure 5. It was found that after 

Au –forming the nanoparticles- Fe is the dominant metal species complemented 

by trace levels of Cr, Ni, Mn, and Mo(Fig. 5). 

Additionally, the release of metals from stainless steel in acidic conditions was 

investigated by using HCl solutions at different pH values. Fe was found to be 

also released from the stainless steel in higher concentration as low as pH is. 

This behavior is similar to that observed with HAuCl4 solutions.  Nevertheless, Fe 

concentrations found in the case of HCl at the same pH than HAuCl4 are lower. 

Thus, the oxidative character of AuCl4
-
 ions may play a role in the oxidation of 

Fe. 
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Figure 5. Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis of 

metals determined in aqueous solutions of (A) HCl, and (B) HAuCl4 at different pH levels 

after insertion of a stainless steel substrate. 

 

3.4. Energy dispersive X-ray spectroscopic characterization 

In order to investigate if metals released from the stainless steel surface are 

subsequently incorporated into the AuNPs, EDX studies were performed 

corroborating that the obtained nanoparticles were only composed of gold. 

When recording EDX spectra of AuNPs collected while the reaction is still in 

progress, gold salt residues are still evident as indicated by chlorine ions present 

within salt crystals. In contrast, EDX spectra collected at gold nanoparticles after 

the reaction was complete only revealed a gold line.  

3.5. Proposed mechanism of the reaction 

Stainless steel promotes the reduction of Au(III) to Au(0) as nanoparticles. ICP-

OES analysis proved the release of metals from the stainless steel mesh. The 

oxidative character of AuCl4
-
 ions may play a significant role in their oxidation 

and excretion since higher amounts of Fe are released into a HAuCl4 solution as 

compared to neat HCl solution of the same pH. Once the stainless steel piece 
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was analyzed by EDX, it was found that in addition to the formation of AuNPs in 

solution, a small amount of AuNPs were also formed at their surface.   

In order to corroborate the hypothesis of the proposed reaction mechanism, a 

qualitative assay was performed adding 1,10-phenantrolin (a coloured redox 

indicator) to the solution during the synthesis, which results in the formation of 

an orange-coloured complex upon the insertion of the stainless steel substrate 

into the acidic solution of both HCl and HAuCl4, which in turn confirms the 

release of Fe(II) into the solution. Thus, one possible mechanism of formation of 

AuNPs is the reduction of Au(III) by the electron liberated from the oxidation of 

stainless steel Fe(0) to Fe(II) in higher amounts as well as due to other metals 

(Ni, Cr) yet at to a lesser extent.  

In addition, the efficiency of iron mesh to produce gold nanoparticles similarly 

to stainless steel production was proved. In this case, the reduction of Au(III) to 

Au(0) as a thin gold layer above the iron surface was observed, as previously 

reported [34], while stainless steel yields nanoparticles with a reproducible size 

instead of a gold layer. On the other hand, the reaction mainly occurs in the 

bulk of the solution.  This fact leads to the hypothesis that hydrogen, which is 

formed as a consequence of the reduction of protons of the acidic media 

mediated by the steel substrate, reduces AuCl4
-
 ions yielding AuNPs (Fig. 6). The 

formation of gold nanoparticles via hydrogen has been previously described in 

literature [30], although it yields AuNPs that are significantly larger than those 

synthesized with the novel methodology presented herein.  If we evaluate the 

potential of reduction of the pairs H
+
/H2 (E=0 V), Fe

2+
/Fe

0
 (E=-0.440 V), Ni

2+
/Ni

0
 

(E=-0.250 V) and Cr
2+

/Cr
0
 (E=-0.912 V), it can be hypothesized that during the 

oxidation of these metals when released from the stainless steel the reduction 

of H
+
 ions present in the acidic solution may take place. When monitoring the 

pH of the solution during the reaction we have observed that the pH was 

maintained almost constant during the formation of the gold nanoparticles at 
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acidic value (around 2), thus -in order to maintain the pH value- H2 formed may 

be oxidized again to H
+
 while reducing the remaining Au(III) in solution. An 

evaluation of the potential of such reaction showed that this reaction could take 

place since E(AuCl4
-
/Au)=1.002 V and E(H

+
/H2)=0 V. 

 

Figure 6. Proposed scheme of stainless steel mediated AuNPs synthesis mechanism. 

 

The performance of the reaction appears best for stainless steel as the 

generation of H2 mediated by it appears to occur at just the right rate, and is 

lower than e.g., in the case of using iron metal, which leads to the formation of 

instable nanoparticles that do not remains in solution (data not shown).  

If only H2 is bubbled through a solution of HAuCl4 in absence of a stainless steel 

substrate at ambient conditions, the reduction of Au(III) is observed, yet there is 

no formation of gold nanoparticles evident. Instead, if H2 is bubbled through 

the solution in addition to inserting a stainless steel substrate, gold is reduced at 

the end of the polymer tube bubbling H2 into the solution instead of generating 

AuNPs. Consequently, the release rate of H2 mediated by stainless steel plays a 

crucial role for successfully synthesizing stable AuNPs at ambient conditions. 

Hence, we may summarize the reaction as 
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2 HAuCl4 + 3 H2  3 Au (nanoparticles) + 8 HCl (1) 

with a global standard redox potential of ΔEo = 1.002 V, which implies that the 

reaction will spontaneously evolve (Fig. 6).  

3.6. Stability of bare gold nanoparticles 

A main characteristic of nanoparticles is that the number of atoms at the surface 

is higher than the number of internal atoms. Consequently, the stability of NPs 

depends on the number of surface atoms, i.e., for stable equilibrium conditions 

there must be sufficient atoms at the surface to stabilize the colloid (providing 

charges), yet enough atoms within the nanoparticle core to provide the required 

thermodynamic stability. Apparently, the conditions provided by the present 

synthetic rout facilitates slow AuNP growth until an optimal size is achieved, 

thus enabling stable positively charged gold nanoparticles with a narrow size 

distribution.   

As an exceptional feature of this novel synthesis strategy, the obtained gold 

nanoparticles proved to be stable if stored at 4ºC for over four months. At room 

temperature, thus obtained AuNPs slowly precipitate at the bottom of the vial 

(i.e., the solution still remains stable over a period of approximately 20 days) due 

to agglomeration. During conventional AuNPs synthesis using e.g., citrate as 

reducing agent, an additional clean-up step is required for removing residual 

ligands. It has been described that the stability of thus purified 20-nm AuNPs 

synthesized with citrate is 20 days stored at 4ºC in darkness, and that 

aggregates are already observed after 6 days of storage at room temperature 

[15]. Thus, the AuNPs stability against aggregation achieved with the present 

method is improved as compared to conventional citrate reduction after ligand 

removal. The presence of ions in solution, which may interact with the positively 

charged nanoparticles will influence their stability. While there are no citrate 

ligands present in the synthesis bound to the nanoparticle surface, chloride ions 
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are in abundance, and may shield thus obtained nanoparticles. It is thus 

hypothesized that a chloride shell prevents nanoparticle agglomeration and 

facilitates the stabilization of the solution due to the achieved spacing between 

individual NPs. Finally, low ionic strength media support the stability of NPs in 

solution [35], which is also the case during the present synthesis. 

3.7. Analytical potential of bare gold nanoparticles 

Gold nanoparticles have been extensively related to Analytical Science and 

Technology in two complementary approaches. On the one hand, they have 

been the objects of the analysis by applying a variety of analytical techniques 

for their characterization, as it has been shown in the previous sections of this 

paper.  

On the other hand, gold nanoparticles have been successively used as useful 

tools to implement a variety of functions in (bio)chemical measurement 

processes (i.e. as components of electrodes, as SERS substrates, as components 

of (bio)sensors, etc). 

Two great advantages of the use of bare gold nanoparticles as analytical tools 

arise from the fact that there are not potential interferences from the excess of 

reductant used in their synthesis than act as ligands (i.e. citrate) in the 

suspension; and that those bare gold nanoparticles are produced with a narrow 

size distribution. Thus, two crucial analytical properties attributed to analytical 

processes involving gold nanoparticles are enhanced: selectivity and precision. 

The analytical potential of these novel bare gold nanoparticles as SERS 

substrates has been proved. They enable the determination of carboxylated 

single walled carbon nanotubes by surface enhanced Raman scattering (SERS) 

spectroscopy mediated by the nanoparticles. The enhancement factor, 

calculated from the Raman signal of 5 µL of 100 mgL
-1

 solution of c-SWNTs 
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compared to that obtained when 5 µL of a 8 mgL
-1

 solution is placed on gold 

nanoparticles substrate, was found to be 39±1.  

The analytical results obtained from two analytical processes involving citrate 

surrounded and bare gold nanoparticles as SERS substrates were compared. The 

same analytical procedure was carried out with the two types of gold 

nanoparticles. As it can be seen in Figure 7, at higher carbon nanotube 

concentrations citrate gold nanoparticles showed a slightly better performance 

in terms of enhancement, although the reproducibility of those membranes 

were less accurate, being observed small aggregates of nanoparticles.  

 

Figure 7. Comparison of SERS response, in terms of carbon nanotube G band height, at 

different concentrations of c-SWNTs provided by citrate-coated and stainless steel 

assisted synthesized gold nanoparticles. 

 

The similar behavior observed for citrate reduced gold nanoparticles and those 

obtained through the proposed methodology suggest that they are suitable for 

being used as SERS substrate for the determination of several analytes in 

different analytical applications.  
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4. Conclusions 

The main contribution of this paper is the use of a solid reducing agent –a 

stainless steel piece- which can be recovered from the solution, for the 

production of bare gold nanoparticles. The process is simple and easily scalable. 

20 nm size, nearly spherical shaped nanoparticles are obtained, which have been 

characterized by SEM, TEM, AFM and EDX analysis. Our approach leads to bare 

gold nanoparticles without any ligand in their surface, obtained through an 

inexpensive and environmentally friendly synthesis procedure avoiding the use 

of harsh chemicals. A highlight of the procedure is that leads to highly stable 

gold nanoparticles –for more than four months when stored at 4ºC- despite the 

absence of stabilizing ligands on their surface, just mediated by the chloride 

ions present in solution which may shield thus obtained nanoparticles.  

Gold nanoparticles obtained through this novel procedure are good candidates 

for be used as SERS substrate since they showed a similar behavior than that 

synthesized with citrate when applied to the SERS determination of 

carboxylated carbon nanotubes. The use of these bare gold nanoparticles in 

Analytical Science and Technology provides analytical processes with enhanced 

sensitivity and selectivity, owing to their stability, the absence of potential 

interferences from the excess of reductant and their narrow size distribution.  
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This paper describes the synthesis of bare gold nanoparticles in a stainless steel 

continuous flow tubular reactor using tetrachloroauric acid as precursor without 

using a classical reducing agent. Gold (III) is reduced by stainless steel to form 

gold nanoparticles which are collected at the end of the coil. A single-phase 

system, which generates dispersed nanoparticles without the presence of 

residual reducing agents in their surface, is proposed. By controlling the 

conditions of the synthesis (i.e. flow rates, temperature) the size of the 

nanoparticles can be tuned. The reproducibility of the synthesis was 

investigated, relative standard deviation of both the wavelength of the 

maximum of the peak and intensity of Surface Plasmon Resonance were 

calculated and found to be 0.15% and 6.5%, respectively. We have 

demonstrated that the flow synthesis is an excellent alternative to produce bare, 

stable, tailor-made gold nanoparticles in an efficiently way that showed good 

properties for their use as surface enhanced Raman scattering (SERS) substrates. 

In fact, those bare gold nanoparticles can be used for the SERS determination of 

carboxylated single walled carbon nanotubes.  

Keywords: bare gold nanoparticles, flow synthesis, microreactor, 

characterization, stainless steel, surface enhanced Raman spectroscopy.  
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1. Introduction 

Gold nanoparticles (AuNPs) have been widely used in diverse fields due to the 

fascinating properties they exhibit [1]. Increasing interest has been, thus, 

attracted to their synthesis procedures [2-10]. Generally, nanosize can be 

reached by the so called top-down and bottom-up strategies. Top-down 

strategies are based on methodologies which achieve nanosized materials from 

macromaterials, while bottom-up strategies rely on the creation of complex 

nanostructures from atomic or molecular functional elements. AuNPs are most 

often prepared by reduction of gold(III) halides by using chemical reducing 

agents in solution such as sodium citrate [11-13], sodium borohydride [14, 15],
 

ascorbic acid [16], cyanoborohydride [17], etc., which usually requires the 

addition of stabilizers or ligands in order to preserve nanoparticles. 

Nanoparticles are obtained usually in a batch process, which is often limited to 

small-scale synthesis, and also lacks precise control over the mixing, nucleation 

and growth process, and thus final particle size or size distribution [18]. 

Continuous-flow systems have been synergistically combined with nanoparticles 

for the preconcentration of analytes [19].
 
They are promising for continuous 

synthesis of nanoparticles since microreactors are more productive and able to 

improve the homogeneity of reaction solutions, which leads to a more uniform 

product [20]. Another advantage is than can be easily scaled-up, shortening the 

development time from laboratory to commercial production [21]. In addition, it 

is a more energy efficient process when compared with batch synthesis systems 

reducing energy consumption of heating-up and cooling-down intermittently 

[18]. However, microfluidic devices have proven to be susceptible to irreversible 

blockage during nanoparticle synthesis [22-25]. Silver nanoparticles [26],
 
star-

like core-shell AuAg nanoparticles [27] or thiol functionalized AuNPs [28] have 

been prepared using microfluidic systems. Zhao et al [18] have summarized 

developments in the synthesis of nanoparticles in microfluidic reactors. 
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Recently, Lohse et al. [22] have developed a reactor system which facilitates the 

aqueous gram-scale synthesis of a variety of functionalized AuNPs by mixing of 

a growth solution and a reaction initiator solution, which will require well mixing 

of solutions [29].  

In this paper, we demonstrate the synthesis of bare gold nanoparticles from 

tetrachloroauric acid in a stainless steel tubular flow reactor, where the own 

stainless steel acts as reducing agent, avoiding mixing of two or more solutions.  

We have previously demonstrated the possibility of synthesizing such AuNPs 

without ligands in their surface using stainless steel as solid reducing agent in 

batch process [30]. Unlike the commonly employed methods for the synthesis of 

AuNPs, we propose a single-phase system, which generate dispersed 

nanoparticles without the presence of residual reducing agents in their surface. 

By controlling the conditions of the synthesis (i.e. flow rates, temperature) the 

size of the nanoparticles can be tuned. A highlight of the procedure is its 

simplicity and the high throughput production of AuNPs.  

2. Experimental 

2.1. Materials and reagents 

HAuCl4 (Sigma Aldrich) was used to synthesize the gold nanoparticles. Before 

synthesis the material were washed with a mixture of nitric acid and 

hydrochloric acid purchased from Panreac (Barcelona, Spain). Stainless steel coil 

1.5 m length with a 1/8’’ OD and 2 mm ID was supplied by Analisis Vinicos 

(Tomelloso, Spain).  
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2.2. Equipment 

UV/Vis measurements were performed using a halogen lamp as excitation and 

the monochromator and photonic detector of a PTI fluorescence Master system 

as a detector. Transmission electron microscopy (TEM) images were acquired 

with a JEOL JEM-1400 transmission electron microscope. Energy dispersive X-ray 

analysis (EDX) was performed with an Inca energy microanalysis system coupled 

to a JEOL JEM 2010 high resolution transmission electron microscope, with a SiLi 

window (SATW) detector and a resolution of 136 eV.  

For the flow synthesis of the gold nanoparticles a Gilson Minipuls 3 peristaltic 

pump was employed as well as a thermostatic bath (Frigiterm model, Selecta).  

2.3. Stainless-steel assisted flow synthesis of gold nanoparticles  

HAuCl4 solution is introduced into a stainless steel tubular coil (1/8’’ o.d., 2 mm 

i.d., 1.5 m length) using a peristaltic pump. Figure 1 shows a scheme of the 

experimental setup. The flow rates were controlled by using the peristaltic pump 

in a range between 0.041 and 3.63 mL min
-1

. The stainless steel coil is immersed 

in a thermostatic bath in order to control the reaction temperatures which were 

set between 40-80ºC. Stainless steel assists the reduction of gold(III) into gold 

nanoparticles. The product was collected at the end of the tubular coil in a glass 

vial and stored at 4ºC. After the reaction, the stainless steel tube was cleaned 

with a 1:3 mixture of nitric and hydrochloric acid in order to remove possible 

remainders of gold on the tube walls, and further rinsed with water and dry with 

air. 
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Figure 1. Experimental setup for the flow synthesis of gold nanoparticles in a tubular 

reactor immersed in a thermostatic bath. 

 

2.4. Characterization of synthesized gold nanoparticles 

Transmission electron microscopy images were recorded with a JEOL JEM-1400 

microscope. A drop of the gold nanoparticle suspension obtained was drop-cast 

on a copper TEM grid with a Carbowax forward. The particle size distribution 

was analyzed by measuring between 200 and 1700 nanoparticles based on TEM 

micrographs using ImageJ Software.   

The ultraviolet-visible spectra of gold nanoparticles were recorded from a 

solution prepared by diluting 25 µL of as-synthesized solution with 100 µL of 

ultrapure water. Measurements were carried out in an ultramicro Hellma cell 

with an optical length of 10 mm, measuring the difference between the 

absorbance at the maximum of the peak and the base of the peak, in order to 

amend baseline shifts between measurements. 
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3. Results and discussion 

The proposed setup for the synthesis of gold nanoparticles is entirely assembled 

from commercially available components, namely: a peristaltic pump, 

thermostatic bath, polytetrafluoroethylene (PTFE) connecting tubes and a 

stainless steel coil, which leads the formation of gold nanoparticles. Figure 1 

shows a scheme of the experimental setup. Variables such as flow rate or 

temperature have been evaluated between 0.041 and 3.63 mL min
-1

 and 40-

80ºC, respectively.  

As tetrachloroauric acid water solution is introduced by the peristaltic pump into 

the tubular reactor immersed in the thermostatic water bath at a designed 

temperature, the color of the solution turned from yellowish to red, indicating 

the formation of gold nanoparticles. Gold nanoparticles did not need of further 

stabilizing agent for long-term storage as they stay stable in solution when 

stored at 4ºC. The formation of gold nanoparticles was confirmed by 

transmission electron microscopy. Figure 2 shows TEM images of obtained gold 

nanoparticles obtained at flow rates of 0.2407, 0.556 and 0.7662 mLmin
-1

. 

Temperature in these cases was set to 60ºC and initial concentration of HAuCl4 

1gL
-1

.  

 

Figure 2. TEM images of gold nanoparticles obtained at a flow rate of (a) 0.2407 mLmin
-1

, 

(b) 0.556 mLmin
-1

, (c) 0.7662 mLmin
-1

. Temperature was set to 60ºC and initial 

concentration of HAuCl4 1gL
-1

. 
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3.1. Study of the concentration of gold precursor 

The concentration of tetrachloroauric solution employed as gold precursor was 

studied in the range 0.5-2 gL
-1

. The concentration of gold nanoparticles in 

solution was shown to be proportional to the amount of gold(III) in the initial 

solution. This indicates that the synthesis of gold nanoparticles is quantitative. 

At higher concentrations the reduction of Au(III) is not complete, finding that if 

the solution containing the synthesized gold nanoparticles is ultracentrifugated 

at 10062 g, the supernatant still contains Au(III) ions reflected in a slight 

yellowish colour in contrast to uncolored supernatants observed in the other 

cases.  

3.2. Study of the influence of flow rate 

The flow rate, flow pattern, and reactor temperature could affect the size and 

size distribution of obtained gold nanoparticles. The influence of flow rate has 

been investigated in the range 0.04-3.63 mLmin
-1

.  As it can be seen in Figure 3a 

and 3b, the intensity of absorbance of gold nanoparticles solutions varies with 

flow rate. As slow as the flow rate is, the higher absorbance intensity is 

observed, meaning a major concentration of gold nanoparticles synthesized. 

The resident time of the fluids in the tube reactor, τ, is a critical factor leading 

the formation of gold nanoparticles. When increasing the flow rate, the resident 

time of precursor solution in the reactor is fewer, as it can be seen in Table 2 

which shows the resident times calculated for the different flow rates based on 

the length of the reactor (1.30 m). At higher flow rates the resident time of the 

precursor solution is not enough to quantitatively reduce Au(III) into Au(0) in 

form of gold nanoparticles. Flow rates as from 3.63 mL min
-1

 did not result in 

the formation of gold nanoparticles.  
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Figure 3. (a) Uv-vis spectra of solutions of gold nanoparticles obtained through the 

proposed synthesis at a temperature of 60ºC at different flow rates: 0.135, 0.345, 0.556 

and 0.766 mL min
-1

. The inset shows the maximum of the peak normalized where a shift 

in wavelength with flow rate can be observed. (b) Influence of flow rate on absorbance 

intensity of gold nanoparticles dispersions, which is related to their concentration in 

solution. Nanoparticles were synthesized at different flow rates at a temperature of 60ºC. 

(c) Influence of flow rate on the wavelength of the Surface Plasmon Resonance band of 

gold nanoparticles synthesized at 60ºC 

 

In addition to the reduced formation of gold nanoparticles, a shift in the 

wavelength of the Surface Plasmon Resonance (SPR) peak is also observed (see 

Figure 3a inset and 3c). At higher flow rates seeds of gold nanoparticles are 

formed, although the less extent time of resident prevent from nucleation in 

order to obtain larger nanoparticles, which is confirmed by wavelengths about 
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535 nm. On the other hand, at slower flow rates, the nucleation process is 

dilatory leading to larger gold nanoparticles. In this case a bathochromic shift in 

the surface Plasmon band is observed.   

3.3. Study of the influence of temperature 

 

Figure 4. (a) Influence of flow rate on absorbance intensity of gold nanoparticles 

solutions synthesized at 40, 60 and 80ºC. (b) Influence of flow rate on the wavelength of 

the surface Plasmon resonance band of gold nanoparticles synthesized at 40, 60 and 

80ºC 
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Moreover, the influence of temperature of the reactor on the performance of 

the synthesis procedure has been investigated. Three set temperatures, namely 

40, 60 and 80ºC have been employed to obtain gold nanoparticles at various 

flow rates. The tendencies observed at 60ºC for absorbance intensities and SPR 

wavelengths are reproduced at 40 and 80ºC. Again when increasing flow rate 

the amount of gold nanoparticles obtained is smaller. At a fix flow rate, it can be 

seen in Figure 4a, that at 40ºC the formation of gold nanoparticles occurs in less 

extent than for 60 or 80ºC, which provided closer values of absorbance intensity. 

With regards to the wavelength of peak maximum, again values are similar for 

60 and 80ºC temperatures, while at 40ºC smaller wavelengths are observed for a 

certain flow rate when compared to the other temperatures studied, which 

means smaller nanoparticles.    

 

Figure 5. Calculated full width at half-maximum from the UV-Vis spectra of gold 

nanoparticles solutions obtained at different temperatures. 
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The values of full width at half-maximum (FWHM) for samples at various flow 

rates and temperatures are shown in Figure 5. As it can be seen, there is a 

broadening in absorbance at high flow rates which suggests that nanoparticles 

became polydisperse. The lower values of FWHM are observed at medium flow 

rates values for the three temperatures, indicating that at those conditions 

nanoparticles with a narrower size distribution are obtained. At slow flow rates, 

polydispersity is slightly higher due to the major residence time in the reactor 

which could destabilize larger nanoparticles. 

3.4. Flow pattern characteristics  

The following equation was used to determine the flow patterns, Reynolds 

numbers, Re, of the fluids:  

Re= uD/v 

Where u is the linear flow velocity, D is the inert diameter of the tube, and v is 

kinematic viscosity of the fluid. In this study, the fact that solutes did not 

drastically change the viscosity of the fluid has been assumed and the values 

tabulated for water has been employed. Table 1 shows the values of Reynolds 

number calculated at each temperature and flow rate investigated. In all the 

cases studied the flows were laminar since values of Re were below 2100. 

Therefore, the velocity profile is parabolic and those nanoparticles formed in the 

center move faster than those in the wall region. This parabolic behavior could 

be the responsibly of the polydispersity observed when increasing the flow rate. 

It also agrees with the observation of higher polydispersity of obtained gold 

nanoparticles at higher temperatures.  
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Table 1. Volumetric and linear flow rates, Reynolds numbers and resident times of the 

fluids in the flow tubular reactor. 

 

Flow rate  

(mL min-1) 
u (m s-1)·10-3 

Re Re Re 
τ (s) 

(T=40ºC) (T=60ºC) (T=80ºC) 

0.041 0.217 0.661 0.916 1.192 5975.24 

0.135 0.719 2.186 3.028 3.941 1807.11 

0.240 1.276 3.881 5.376 6.996 1018.05 

0.345 1.834 5.576 7.724 10.052 708.63 

0.450 2.392 7.270 10.071 13.107 543.45 

0.556 2.949 8.965 12.419 16.162 440.72 

0.661 3.507 10.660 14.767 19.217 370.66 

0.766 4.064 12.355 17.114 22.272 319.81 

0.871 4.622 14.049 19.462 25.328 281.24 

0.976 5.179 15.744 21.810 28.383 250.96 

1.081 5.737 17.439 24.157 31.438 226.57 

1.607 8.525 25.913 35.896 46.714 152.48 

2.132 11.313 34.386 47.634 61.990 114.90 

 

3.5. Microscopic characterization 

Synthesized gold nanoparticles solutions were investigated by TEM microscopy 

in order to calculate the average size of nanoparticles as well as their size 

distribution. Figure 6 shows TEM photographs of gold nanoparticles obtained at 

different conditions and their corresponding size distribution histograms. From 

the TEM images the disaggregation state of nanoparticles can be inferred. No 

aggregates are observed in the solutions, consisting of separated gold 

nanoparticles. Gold nanoparticles obtained at 80ºC and 0.240 mL min
-1

 flow rate 

are more polydisperse than those obtained at 40 or 60ºC, as the size 

distribution histogram at such conditions shows. This observation from 

microscopy images agrees with the values of FWHM obtained through UV-Vis 

spectroscopy measurements for that condition (Figure 5).  
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Figure 6. TEM image and the corresponding particle size distribution analysis of the Au 

nanoparticles synthesized in the tubular reactor (a) 60ºC 0.135 mL min
-1

, (b) 40ºC 0.556 

mL min
-1

, (c) 80ºC 0.240 mL min
-1

. 

 

The average diameter of synthesized gold nanoparticles has been calculated 

from TEM images, as well as the standard deviation. Table 2 summarizes the 

values found for nanoparticles obtained at different conditions of flow rate and 

temperature. Size calculated from TEM images agree with UV-Vis measurements 

showing higher values of wavelengths those nanoparticles with larger diameter.  

Energy dispersive X-ray analysis (EDX) was performed which revealed that there 

are small amounts of iron and chromium released from stainless steel in the 

solution. It could be thought that part of the released iron could have been 

incorporated into gold nanoparticles, in such case it has to be point out that the 

relative concentration found of gold to iron is ~ 20:1.  
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Table 2. Particle size analysis based on TEM microscopy study of Au nanoparticles 

synthesized at different flow rates and temperatures. 

  

Flow rate  

(mL min
-1

) 
Temperature (ºC) 

Particle size (nm) 

Average diameter Standard deviation 

0.041 40 35 16 

0.240 40 33 15 

0.556 40 27 8 

0.135 60 29 7 

0.556 60 24 9 

1.081 60 25 10 

0.240 80 36 12 

0.556 80 28 11 

1.607 80 26 9 

 

3.6. Study of reproducibility of the synthesis and stability of gold 

nanoparticles 

The reproducibility of the synthesis was investigated by preparing several 

solutions of gold nanoparticles at a flow rate of 0.2407 mL min
-1

 and the 

temperature set at 60ºC. RSD of both the wavelength of the maximum of the 

peak and intensity of surface Plasmon resonance were calculated and found to 

be 0.15% and 6.5%, respectively.  

Finally, a study of stability of gold nanoparticles suspensions was conducted. 

The stability of nanoparticles relies on the number of atoms on nanoparticle 

surface regards those at nanoparticle core to provide thermodynamic stability. 

The presence of ions in solution interacting with the nanoparticles will influence 

their stability. In this case there are not citrate neither surfactant ligands bound 

to nanoparticles surface. Thus, chloride ions present in solution may shield 

obtained nanoparticles preventing them from agglomeration. In addition, low 

ionic strength media support the stability of nanoparticles in solution [31].  
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Gold nanoparticles solutions were measured by ultraviolet-visible spectroscopy 

15 days after synthesis was performed. Variations in absorbance intensity 

observed along this interval of time resulted in RSD between 1.3 and 5.9%, for 

different flow rates conditions of synthesis. Stability of gold nanoparticles can 

also be proven attending to the SPR maximum. RSD values of wavelength peak 

maximum have been calculated being in the range 0.1-0.5%. Thus, the stability 

of as-synthesized gold nanoparticles solutions is good when stored at 4ºC.  

3.7. Analytical application of bare gold nanoparticles 

Gold nanoparticles can be considered within the Analytical Nanoscience and 

Nanotechnology scope as objects of the analysis –as reported above where 

synthesized nanoparticles have been characterized by microscopic or 

spectroscopic techniques- and analytical tools involved in different steps of the 

analytical process (i.e. as components of electrodes, as SERS substrates, as 

components of (bio)sensors, etc). 

An advantage of the use of bare gold nanoparticles as analytical tool arise from 

the fact that there are not potential interferences from the excess of reducing 

agents used in their synthesis attached as ligands on the surface of the 

nanoparticles (i.e. citrate) or in suspension. Thus, further functionalization of the 

surface of gold nanoparticles for analytical applications is easier and do not 

requires a purification step prior it.  

The analytical potential of these novel bare gold nanoparticles as SERS 

substrates has been proved. They enabled the determination of carboxylated 

single walled carbon nanotubes by surface enhanced Raman scattering (SERS) 

spectroscopy mediated by the nanoparticles. The enhancement factor, 

calculated from the Raman signal of 5 µL of 100 mgL
-1

 solution of c-SWNTs 

compared to that obtained when 5 µL of a 8 mgL
-1

 solution is placed on gold 

nanoparticles substrate, was found to be 39±1, as reported in [30]. The 
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continuous flow production of those bare gold nanoparticles may enable the 

automated formation of the gold nanoparticles and SERS measurements in a 

flow system.  

4. Conclusions 

In summary, gold nanoparticles can be synthesized in a continuous flow tubular 

reactor in which the own stainless steel walls of the reactor acts as reducing 

agent leading to the reduction of Au(III) ions into Au(0) in the form of gold 

nanoparticles. This continuous flow reactor can be useful for the scale-up 

production of gold nanoparticles without ligands on their surface. Variables 

affecting the synthesis process have been investigated and their influence on 

size and size distribution of nanoparticles evaluated. Nanoparticles obtained 

through the proposed methodology proved to be stable for long term storage.  
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En este bloque se describen los métodos de caracterización de nanopartículas 

desarrollados a lo largo de la presente Tesis Doctoral. Para ello se han utilizado, 

además de las técnicas microscópicas y la espectroscopia UV-Vis, que ya en el 

bloque anterior nos sirvieron para caracterizar y evaluar los procesos de síntesis 

de nanopartículas de oro, las espectroscopias Raman e infrarroja así como la 

electroforesis capilar. A continuación se detalla el papel de cada una de ellas.  

 

 IV.1. ESPECTROSCOPIA RAMAN 

Desde la primera observación de CNTs de pared múltiple en 1991 por Iijima
1
, la 

espectroscopia Raman se ha utilizado para caracterizar los procesos de síntesis y 

purificación de CNTs así como estudiar sus propiedades
2
. Fue a partir de 1997

3
 

cuando realmente se comenzó a vislumbrar el enorme potencial de la técnica al 

demostrarse por vez primera la dependencia del espectro de los SWCNTs con la 

energía del láser de excitación como consecuencia de que tiene lugar un 

proceso Raman resonante que depende del diámetro del nanotubo. Además de 

proporcionar información detallada sobre la estructura geométrica, electrónica y 

vibracional de los diferentes CNTs presentes en la muestra
4
, otras ventajas que 

han impulsado su uso extendido son que se trata de una técnica no invasiva, 

que no requiere preparación de la muestra y que permite versatilidad de 

condiciones de medida.  

                                                           
1
 S. Iijima, Nature 354 (1991) 56-58. 

2
 D. Tasis, N. Tagmatarchis, A. Bianco, M. Prato, Chem. Rev. 106 (2006) 1105-1136.  

3
 A. M. Rao, E. Richter, S. Bandow, B. Chase, P. C. Eklund, K. A. Williams, S. Fang, K. R. 

Subbaswamy, M. Menon, A. Thess, R. E. Smalley, G. Dresselhaus, M. S. Dresselhaus, 

Science 275 (1997) 187-191.  
4
 M. S. Dresselhaus, G. Dresselhaus, R. Saito, A. Jorio, Phys. Rep. 409 (2005) 47-99. 
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Los principales modos de vibración en el espectro Raman de CNTs son las 

bandas de respiración radiales (RBM, 100-300 cm
-1

), características de SWNTs, 

cuya energía (o número de onda) depende del diámetro de los nanotubos. En 

algunas ocasiones, si se establecen condiciones muy buenas de resonancia, 

pueden observarse en MWNTs. El modo tangencial (banda G, 1400-1700 cm
-1

) 

es el de mayor energía en el caso de SWNTs, pudiéndose emplear asimismo 

para la caracterización del diámetro de los CNTs o de su carácter metálico. 

Dicha banda tiende a dividirse en dos (G
+
 y G

-
) en el caso de SWNTs, mientras 

que en MWNTs el efecto es menos pronunciado. La banda D, asociada al 

desorden, se observa entre 1300-1400 cm
-1

, pudiéndose observar su sobretono, 

conocido como banda G’, a 2600-2800 cm
-1

. Cabe destacar que el espectro 

Raman de SWNTs ha sido hasta la fecha más ampliamente estudiado que el de 

MWNTs.  

La figura muestra el espectro Raman de SWNTs, indicando las principales 

bandas comentadas que pueden observarse en el mismo. (Adaptada de ref.
5
)  

 

                                                           
5
 M.S. Dresselhaus, G. Dresselhaus, M. Hofmann, Vibrational Spectroscopy 45 (2007) 71–

81. 
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Un análisis en mayor profundidad de la relación de las bandas Raman de CNTs 

con la estructura geométrica, electrónica y vibracional (fonónica) de los 

nanotubos de carbono, así como la aparición de las singularidades de van Hove 

en su correspondiente densidad de estados electrónicos, queda fuera del 

alcance de la presente Tesis Doctoral. La caracterización Raman de nanotubos 

de carbono es un tema de gran interés, siendo un campo muy interdisciplinar 

abarcando en gran medida el campo de la física. En nuestro caso, hemos 

utilizado dicha herramientas para su explotación desde un punto de vista 

analítico.  

En este apartado se describen dos aproximaciones analíticas a la caracterización 

Raman de nanotubos de carbono. En el capítulo 5, se demuestra la influencia 

del estado de agregación de SWNTs en la relación de intensidades de las 

bandas G y D de los mismos. Por tanto, es necesario tener en cuenta la 

preparación de la muestra para evitar la agregación de los nanotubos con el fin 

de obtener una buena representatividad de las medidas. En este sentido se 

propone la dispersión de los nanotubos con ayuda de tensioactivos. En el caso 

de MWNTs el efecto del estado de agregación sobre la relación de intensidades 

de las bandas G y D es menos notorio.  

En el capítulo 6 se muestra un estudio detallado de los espectros Raman de 

nanotubos de carbono de diferente naturaleza dispersados con ayuda de 

tensioactivos. Se ha llevado a cabo un estudio del número de onda al que 

aparecen las bandas así como la intensidad relativa de las bandas D y G. El 

método propuesto permite la caracterización y (semi)cuantificación de la 

presencia de SWNTs en mezclas de SWNTs y MWNTs.  
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Raman spectroscopic characterization of single-walled carbon 

nanotubes: influence of sample aggregation state 

A. I. López-Lorente, B. M. Simonet, M. Valcárcel 

Department of Analytical Chemistry, University of Córdoba, E-14071 Córdoba, Spain. 

  

 

Raman spectroscopy has been employed in analytical sciences for purity 

determination of carbon nanotube samples based on the consideration of G-/D-

band intensity ratio. This work demonstrates the role of aggregation in these 

feature bands, which, in the case of single-walled carbon nanotubes (SWNTs), 

has proved to be crucial for G-/D-band intensity ratio measurements. We have 

found variation in the relative intensities of G- and D-band across a sample of 

SWNTs without any other treatment, discarding the possible influence of laser 

beam or sample focusing. In the case of multiwalled carbon nanotubes 

(MWNTs), this effect is less notorious. Thus, for a good representativeness of 

Raman measurements, it is important to consider sample preparation procedure 

in order to avoid aggregation, which has effect over the signals, making difficult 

the subsequent interpretation of results.  

 

Keywords: Raman spectroscopy, multiwalled carbon nanotubes, single-walled 

carbon nanotubes, aggregation. 
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1. Introduction 

Carbon nanotubes have attracted much attention due to their huge potential in 

many fields. Potential applications of these nanostructures include use in 

nanoelectronics [1], energy storage [2], battery and field-emitting-display 

technologies [3], also showing great potential for sensors [4], composites [5], 

catalytic supports [6], and as membrane materials for analytical separations [7]. 

This increased use of these nanostructures opens up new challenges to 

analytical chemistry since new methods for their characterization are needed. 

Microscopy-based techniques such as scanning and transmission electron 

microscopy (SEM and TEM) and atomic force microscopy (AFM) provide exact 

information about shape and size, however, some of their most important 

shortcomings are the low representativeness of the results due to the small 

sample volumes that are analyzed, as well as sample preparation, which involves 

drying, and might result in their aggregation.   

Ultraviolet-visible-near-infrared (UV-vis-NIR) spectroscopy has been employed 

for distinguish individualized dispersions of single-walled carbon nanotubes 

from bundles of them by visualization of the broadening and red-shift of the 

absorption peaks [8]. The UV-vis absorption value at 500 nm has been used to 

quantify different SWNTs dispersions [9], although it is difficult to distinguish 

SWNTs contributions from other carbonaceous impurities or the dispersing 

agents. Near infrared luminiscence studies performed on individual SWNTs 

revealed spectral variations within a given (n,m) type of nanotubes [10], which 

allow the determination of chirality/diameter distribution present in individually 

dispersed nanotubes. However, metallic nanotubes produce quenching and 

surfactants might influence the peak.  

Raman spectroscopy has been widely employed for the characterization of 

carbon nanotubes. The resonant Raman scattering from SWCNTs generates an 

intense and easily measurable signal. The main strengths of Raman are its 
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simplicity [11], versatility of measurement conditions, rapidity and non-

destructive neither invasive nature. The information provided about vibrational 

properties can be correlated with the structure and electronic properties of the 

nanotubes. Carbon nanotube dispersions have been quantified by Raman 

spectroscopy normalizing the spectra with respect to the area of a solvent peak 

[12], analyzing carboxylated single-walled carbon nanotubes (c-SWNTs) 

previously preconcentrated in ionic liquid and retained on a membrane [13] or 

measuring c-SWNTs preconcentrated on MWNT-modified membranes [14]. 

Raman spectroscopy has been also used for purity and defect characterization 

of SWNTs [15] since its mode around 1350 cm
−1

 is sensitive to structural defects 

in the graphitic sp
2
 network typical of carbonaceous impurities, such as 

amorphous carbon particles [16].  

The intensity ratio of the tangential mode of SWCNTs (G-band) to the D-band 

has been used to discuss the purity [17, 18, 19]. As has been reported, the 

evaluation based on the G-/D-band intensity ratio has uncertainty as to whether 

the D-band intensity reflects the amount of impurity particles or the defect 

density on the sidewalls. For example, when the D-band mainly reflects 

carbonaceous impurities in a sample, the G-/D-band intensity ratio becomes a 

good index of SWCNT purity. Meanwhile, when there are fewer carbon 

impurities in the sample, the G-/D-band intensity ratio can be used to discuss 

SWCNT defects [20].  

In this work, we aim to point out the need of carefully considering operational 

conditions when measuring Raman spectra of SWNTs. Usually, Raman 

measurements are acquired at a specific position of the carbon nanotube 

sample, and this study indicates the importance of sample treatment for the 

debundling of aggregates of nanotubes. In fact, aggregation state of the sample 

takes an important role in the featured bands, as in the case of G-/D-band 

intensity ratio, which may lead to an ambiguity in the consideration of different 
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purities of samples when actually the differences are just in aggregation. If it is 

not taken into account mistakes may be committed.  Differences in RBM bands 

of SWNTs spectra [21-24] or a G-band broadening [25] have been described to 

occur when samples with different aggregation state are measured [21, 22]. 

Herein we have proved that a sample of SWNTs produces spectra with different 

G-/D-band intensity ratio just by variation of their aggregation distribution 

across the sample itself, discarding the possible influence of impurities in the 

sample, laser beam or sample focusing. Thus, in order to achieve a good 

representativeness in Raman measurements for quality assessment it is 

necessary to control aggregation state. As far as we are concerned the relation 

of G-/D-band intensity with the different aggregation states along a carbon 

nanotube sample has not been previously reported. Dispersion of carbon 

nanotube sample with the aid of surfactants is proposed as an effective 

methodology to control aggregation of bundles of carbon nanotubes. This 

effect has been observed in the case of single walled carbon nanotubes while 

for the multiwalled carbon nanotubes investigated the effect of aggregation is 

less significant.  

2. Materials and methods 

2.1. Chemicals 

Carbon nanotubes of different nature were studied in this work, namely single 

walled carbon nanotubes (SWNTs) purchased from Shenzhen Nanotech Port Co. 

Ltd (NTP) (Shenzhen, China), with a purity over 90%, an outer diameter of <2 

nm, a length of 5-15 µm and a special surface area of 500-700 m
2
g

-1
. 

Multiwalled carbon nanotubes (MWNTs) were provided by CheapTubes 

(Brattleboro, USA) with an outer diameter of 10-30  nm, a length of 10-30 µm, 

>90% purity in weight, and ashes content <1.5% in weight. Ethanol and Triton 

X-100 were provided by Fluka (Buchs, Switzerland).    
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2.2. Equipment 

For Raman measurements a confocal Raman equipment (alpha500, 

manufactured by WITec GmbH) was employed. For excitation a frequency 

double Nd:YAG laser at 532 nm (second harmonic generation) was used, which 

resulted in a penetration depth in silicon of about 0.5 μm. Raman spectra were 

collected using a 600 g mm
-1

 diffraction grating. The laser beam was focused on 

the sample surface onto a spot of 1 or 3.45 mm in diameter using a 100x/0.95 

Nikon or 20x/0.4 Zeiss objectives, respectively. Laser powers were measured 

directly on the sample stage and were typically between 0.5 and 1.5 mW. 

Measurement time was about 20 ms for each point of a mapping, which 

typically consisted of 150×150 points. 

An ultrasound bath without heating (Ultrason model, Selecta, 50 W, 60 Hz) was 

employed for sample preparation. A Vibracell
TM

 75041 ultrasonic probe (750 W, 

20 KHz, Bioblock Scientific, Illkirch, France) equipped with a 3 mm probe was 

also employed to prepare the dispersions. Transmission electron microscopy 

(TEM) images were acquired with a JEOL JEM-1400 transmission electron 

microscope. AFM image was acquired with alpha500 WITec AFM microscope 

using tapping mode.  

2.3. Sample treatment and preparation 

As received single walled carbon nanotubes were dispersed in ethanol and 

ultrasonicated to remove impurities of the sample. Ethanol is a pure solvent 

which does not leave residuals when evaporating. Ultrasonication conditions 

were soft (50 W, 10 min) in order to not introduce defects in carbon nanotubes 

that will affect to the intensity of Raman D-band. It could be checked by 

comparison of the Raman spectra of solid samples with the dispersed one that 

there is no functionalization or degradation of the latter carbon nanotubes. 

Immediately after ultrasound step, the dispersion was drop-dried on a 
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microscope glass slide. Nanotubes aggregated as ethanol was evaporating, 

although the size of aggregates is smaller than in an untreated solid sample.  

Thus, aggregates can be found in the slide, but also free nanotubes at the edges 

of the aggregates and in the inter-aggregates regions above the crystal surface 

of the specimen.  

Single-walled carbon nanotubes were also dispersed in 5 wt/vol% Triton X-100 

solution by using an ultrasonic probe for 10 minutes (750 W, 20 KHz) equipped 

with a 3 mm probe set at 20% amplitude. Pulses of energy of 20 s on and 20 s 

off were employed in order to avoid sample heating. No degradation or 

shortening of carbon nanotubes was observed after sonication treatment. 

2.4. Raman measurements 

Both acquisition time and accumulated spectra for measuring single Raman 

spectra were optimized. Raman spectrum at a certain point of the sample was 

acquired with an integration time of 1 second being the spectrum the sum of 20 

acquisitions.  

Raman images in the case of the Raman study to evaluate the influence of 

aggregation state showed in Figure 4 were obtained by measuring a total of 150 

points per line and 150 lines per image over a scan width and height of 110 µm 

x 110 µm with an integration time of 0.05 s. Raman image of single-walled 

carbon nanotubes dispersed in Triton X-100 (Fig. 6a) was acquired by measuring 

250 points per line and 250 lines per image at a scan area of 50 x 50 µm with an 

integration time of 0.1 s. The image shown in Figure 7, in which more isolated 

nanotubes are shown, was acquired by measuring 100 points per line and 100 

lines per image at a scan area of 8 x 8 µm with an integration time of 0.1 s. In 

the case of multi-walled carbon nanotubes the Raman image (Fig. 8a) was 

obtained measuring a total of 90 points per line and 90 lines per image at a 

surface of 72 x 72 µm with an integration time of 0.05 s. Finally, the depth scan 
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shown in Figure 3a were acquired measuring 50 points per line and 100 lines 

per image for a scan width of 10 µm and a scan depth of 50 µm, with an 

integration time of 0.05 s.  

3. Results and discussion 

3.1. Raman spectra of solid as received pristine single-walled carbon 

nanotubes 

Raman spectra of a solid sample of pristine single-walled carbon nanotubes 

without any modification or purification step have been recorded at different 

points of the sample. Differences in G-/D-band intensity ratio were found as can 

be seen in Figure 1a. The sensitivity of D band to structural defects in the 

graphitic sp
2
 network typical of carbonaceous impurities, such as amorphous 

carbon particles, has been described [15, 16]. The sample has not been purified, 

and, although the supplier states that the purity of carbon nanotubes is over 

90%, it could be thought that differences are produced by carbonaceous 

impurities present in solid sample. These impurities could be closely entangled 

with SWNTs or stick on the outer surface of carbon nanotubes. The presence of 

impurities in carbon nanotubes subject of this study was discarded by 

microscopy measurements.   
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Figure 1. Raman spectra of (a) as received solid pristine single-walled carbon nanotubes 

(spectra normalized to G band, changes in the relative intensity of D band are observed) 

and (b) SWNTs after dispersion in ethanol and subsequently deposited in a glass support 

(normalized to D band, changes are observed for the G band). Each spectrum (a1-a4 and 

b1-b3) was taken at a different position of the same sample. Spectra were taken with an 

integration time of 1 second and accumulating 20 spectra with an EMCCD Gain output 

amplifier. 

 

3.2. Raman spectra of single-walled carbon nanotubes after dispersion in 

ethanol 

In order to eliminate a hypothetical contribution of impurities, carbon 

nanotubes were previously suspended in ethanol and ultrasonicated as 

previously explained for sample treatment. Figure 2 shows a TEM photograph of 

the nanotube sample after ethanol treatment once solvent evaporated. As can 

be seen, there are bundles of aggregated carbon nanotubes but also more 

isolated nanotubes at the edges of such aggregates. We acquired spectra at 

different locations within this sample, in which aggregated and non-aggregated 
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carbon nanotubes are present, and the previously observed differences in G-/D-

band intensity ratio for untreated samples persisted (Figure 1b).  

 

 

Figure 2. Transmission electron microscopy (TEM) photograph carried out with JEOL JEM-

1400 transmission electron microscope. The sample was prepared by placing one drop of 

a solution of SWNTs in ethanol onto a copper TEM grid with a Carbowax forward. 

 

For purity evaluation using Raman spectroscopy, the G band peak around 1593 

cm
−1

, which derives from the longitudinal optical (LO) phonons of 

semiconducting SWCNTs [15], has been used [26] due the fact that it is less 
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sensitive to excitation laser energy than the RBM intensity, and there is no 

significant diameter dependence of the G-band intensity for the LO phonon of 

semiconducting SWCNTs, while the RBM intensity is more sensitive to their 

diameter and chirality. Itkis et al. [18] have described that the G-band area is 

proportional to the relative purity. In addition to the G band, G-/D-band 

intensity ratio has been also employed as index of purity for characterization of 

carbon nanotubes in terms of defects density. The intensity ratio of G-band to 

D-band reflects both the purity and defect density of a SWNT sample. Pure 

SWNTs can also have considerable D-band intensity due to structural defects, 

thus, evaluation of purity through G-/D-band intensity ratio has uncertainty as 

to whether the D-band reflects the amount of impurity particles or the defect 

density on SWNTs sidewalls [15].  

As can be observed in Figure 1b, RBM bands also change in the spectra. Their 

dependence on the aggregation state of carbon nanotubes has been previously 

described [20] since some modes which are initially off resonance in individually 

dispersed material, with aggregation, as transitions shift to lower energy, are 

brought into resonance while others move away. The intensity of the peak at 

267 cm
-1

 has shown to be proportional to the degree of aggregation [22]. It has 

been also reported that the influence of aggregation on the apparent metallic 

to semiconductor ratio of dielectrophoretically deposited SWNTs can 

compromise conclusions based on Raman alone [27]. Moreover, the linewidths 

of   G’ band for solubilised SWNTs has been observed to monotonously 

decrease with sonication energy density and can be used to monitor the gradual 

solubilisation of SWNTs [25]. Liu et al. [28] employed simultaneously Raman 

measurements and photoluminescence spectroscopy to evaluate the bundling 

states of SWNTs by using again the 267 cm
-1

 band and the sum of 

photoluminescence to G-band intensity ratio.  



 Bloque IV. Caracterización de nanopartículas 

 

   
 

230 

We have focused on changes of G-/D-band intensity ratio and their dependence 

on aggregation state, parameter which, as far as we are concerned, had not 

been considered until date. As will be explained below, changes in G-/D-band 

intensity ratio observed in this work are not a consequence of changes in purity 

or sample focusing, nor are a problem of laser damaging of the sample. It can 

be concluded that observed changes are due to different aggregation states 

across the sample.  

3.3. Influence of laser beam  

The influence of laser power in the spectra of the nanotubes has been studied. 

The optimum power selected for recording the spectra was 1.0 mW for a laser 

wavelength of 532 nm using a 20x lens. The laser power is low in order to not 

damaging the sample when acquiring the spectra. It has been described the use 

of higher laser power when measuring dispersions of carbon nanotubes in a 

solution, which allows better heat dissipation [29]. In addition, the laser power 

to measure the Raman spectrum of bundles of carbon nanotubes must be lower 

than for isolated nanotube samples due to the poor inter-tube thermal 

conductivity in CNT bundles [30].  

Since it had been previously described in literature that laser beam may affects 

the bands [15, 31, 32], the influence of laser irradiation during a period of time 

over the sample was studied. In addition, laser irradiation is known to cause 

shifts in Raman bands due to thermal effects which leads to an increase in D 

peaks [31]. We have found that there is no change in the profile of the 

considered bands during the exposure windows usually employed for 

measurements. Spectra of untreated solid SWNTs with different times of laser 

exposure (0, 3, 6 and 9 min, respectively), showed a G-/D-band intensity ratio 

almost constant. An upshift of baseline was observed, having no influence when 

normalizing spectra. This observation agrees with observations of almost 

constant G-/D-band intensity ratio for subsequent measurement after the first 
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power sweep [33]. In any case, measurements have been carried out using the 

same laser power for all the studies presented in this work. 

3.4. Influence of focusing 

We are measuring in a relatively large area of the sample, which implies the 

presence of bundles of carbon nanotubes, which may have different heights. 

Sample focusing affects to the intensity of the spectra, usually by increasing or 

decreasing the whole bands of it. The possible influence on the considered 

parameter (G-/D-band intensity ratio) of measuring at different heights across a 

sample was investigated. . The small diameter of the multi-mode fiber (50 μm) 

of our Raman spectrometer acts as a pinhole allowing for confocal microscopy 

and hence increasing spatial resolution. This allows performing Raman spectra 

capture of a depth profile of the sample. When acquiring spectrum at different 

heights, no significant differences were found in G-/D-band intensity ratio.  

In addition, Figure 3a shows the Raman image of a SWNT sample across its 

whole diameter. In this case, instead of acquiring discrete spectra at a series of 

points, a Raman image was formed by measuring at different points in an x- and 

z-axis area (50 points per line and 100 lines per image for a scan width of 10 µm 

and a scan depth of 50 µm, with an integration time of 0.05 s). The image 

depicted corresponds to the intensity of the G band. In order to corroborate our 

observations, the collection of spectra were subjected to cluster analysis by K-

Nearest Neighbors (KNN) at the same conditions explained as follows and, as 

can be observed in Figure 3b, the spectrum of each cluster are very similar, so 

we can conclude that focusing is not the source of variations in G-/D-band 

intensity ratio in the spectra. Figure 3c depicts the regions of the image which 

corresponds to the spectrum in Figure 3b with the same colour.  
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Figure 3. (a) Raman image which represent areas with a high intensity of G-band (yellow) 

where nanotubes are present. The scan was taken in depth, by measuring in a XZ plane. 

(b) Raman spectra result of cluster analysis of the spectra collection. There is little 

influence of focusing on D/G relation. (c) Distribution of the cluster in the sample. The 

color code of the cluster and Raman spectrum is the same. 

 

3.5. Influence of aggregation state 

In order to investigate the source of the observed variations, a Raman image 

which is composed by spectra acquired point by point in a surface was 

recorded. Figure 4a shows an optical microscope photograph of the sample 

analyzed. Nanotubes were treated with ethanol and ultrasonicated as previously 

explained. Specifically, a total of 150 points per line and 150 lines per image 

with a scan width and height of 110 µm x 110 µm with an integration time of 

0.05s were measured. From the set of spectra we can see differences in the 

collected spectra.  
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Figure 4. (a) Photography acquired with an optical microscope employing a 20x objective 

of a SWNTs sample ultrasonicated in ethanol and drop-dried on a glass support. (b) 

Distribution across sample of the different clusters classified when the set of spectra 

corresponding to a Raman image was submitted to K-NN analysis. (c) Corresponding 

spectrum of each cluster. 

 

To prove if it is possible to cluster spectra with similar G-/D-band intensity ratio 

and then relate them with different properties of the sample, the whole set of 

spectra were submitted to K-NN cluster analysis.  K-nearest Neighbors is a 

discriminant, non-parametric technique, based on the distance between objects 

in a space of dimension equal to the number of variables explored. The sample 

is assigned to a class where the samples of the training set closest to it have 

been classified. Only the K closest objects are used to make the assignment. The 

distance criterion used was Euclidean distance. Initially, a classification model 

was constructed in which all spectra were used as the training set. In a second 
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stage, to validate the classification model thus obtained and its stability in 

predicting, a cross-validation step was performed with five cancellation groups 

(the spectra are randomly divided into five groups, each of them containing 

20% of the total), four of which were used as training set and the fifth as the 

prediction set. To perform this cross-validation procedure, the same process was 

repeated five times with the five different training and predictions sets, ensuring 

that all the samples were included at least once in the prediction set.  

K-NN cluster analysis differenced three regions in the image (see Figure 4b) 

which possesses spectra with different G-/D-band intensity. As depicted in 

Figure 4b, the regions correspond to the nuclei of the aggregates and 

concentric outer regions, so it seems logical to think that changes may be 

produced by the different aggregation inside bundles and around them, which 

may affect to the resonance of carbon nanotubes. In fact, regions which have a 

low density of carbon nanotubes between aggregates, whose dimensions 

oscillate between 7-25 µm of width, have a spectrum similar to bundles edges, 

in which nanotubes are less aggregated.  

 

Figure 5. Representation of the G/D ratio obtained from their maximum peak counts for 

three different levels of aggregation. The color code corresponds to the different cluster 

classified and depicted in Figure 4. 
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The G- and D-band intensities were obtained from their maximum peak counts. 

G-/D-band intensity ratio averages at three aggregation levels are 5±0.6 for 

regions with low aggregation, 9.2±0.8 in regions of medium aggregation and 

25±1 in regions of high aggregation, as shown in Figure 5. It can be seen that 

there are three different values of relation, related with the aggregation state of 

the sample. The color code presented in Figure 5 correlates with the colors 

assigned to each cluster associated to a different value of G-/D-band intensity.   

3.6. Spectra of debundled single-walled carbon nanotubes 

Exfoliation of carbon nanotubes has been attempted by ultrasonication in the 

presence of organic solvents [31] or aqueous solutions of surfactants [34], 

copolymers [35], polyelectrolytes [36] and DNA molecules [37]. In previous work 

[29], the suitability of surfactants to disperse carbon nanotubes without 

interfering with the Raman signal has been demonstrated. The interaction of 

linear ionic surfactants such as SDS and CTAB with the nanotube surface is 

weaker than in the case of Triton X-100 by virtue of its aromaticity. Molecules 

having a benzene ring structure adsorb more strongly to the graphitic surface 

due to π-π stacking interactions [38].  

SWNTs were dispersed in a 5 wt/vol% Triton X-100 solution with the aid of an 

ultrasonic probe as explained in sample treatment. Again, a Raman image of the 

sample was acquired and subsequently submitted to K-NN cluster analysis 

similarly to that previously described. Figure 6 shows the results obtained. 

Figure 6a depicts the Raman image which reflects the intensity of the G band, 

while Figure 6b classified the different points of the image in two clusters, 

whose corresponding spectra are shown in Figure 6c. TEM images corroborated 

the more debundled state of this sample, as can be seen in Figure 6d. In this 

case, the differences in G-/D-band intensity ratio are less significant being the 

values obtained 4.59 and 4.34 for the two different classified clusters. Thus, it 

can be concluded that a suitable control of aggregation state of the sample is 
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crucial for a representative value of G-/D-band intensity ratio. In fact, this 

parameter has proved to be effective for the characterization of mixtures of 

single- and multi-walled carbon nanotubes in a reproducible way when carbon 

nanotubes samples are dispersed in a surfactant solution [29]. 

 

Figure 6. (a) Raman image which reflects the intensity of G-band in a sample of well-

dispersed SWNTs in 5 wt/v% Triton X-100 drop-dried on a glass support, (b) assignation 

of regions to the different clusters when the set of spectra was submitted to K-NN 

analysis, (c) Raman spectra corresponding to each cluster and IG/ID calculated for each 

spectrum, (d) TEM photograph carried out with JEOL JEM-1400 transmission electron 

microscope of a SWNT sample dispersed and ultrasonicated in 5 wt/v% Triton X-100 

prepared placing one drop of the dispersion onto a copper TEM grid with a Carbowax 

forward. 

 

A Raman image was also acquired in a region containing just some SWNTs. 

Figure 7e shows the optical microscope photograph of the scanned surface and 

Figure 7d shows an AFM image of the sample. Raman image (shown in Fig.7a) 

was composed by 100 points per line and 100 lines per image at a scan area of 

8 x 8 µm measured with an integration time of 0.1 s. Similarly to that described 

above, the set of spectra were submitted to K-NN cluster analysis, which 

classified them in three different regions (see in Fig. 7b cluster classification and 

the corresponding spectra in Fig. 7c). In this case it should be point out that the 

more significant differences found that lead to the classification of the spectra in 

clusters were differences in G- and G’-band wavenumbers. As can be seen in the 
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insets of Figure 7c, the G-band positions of the spectra are 1568, 1571 and 1575 

cm
-1

, respectively for the blue, green and red spectra, while the G’ band appears 

at 2681, 2687 and 2690 cm
-1

. It seems that the spectrum corresponding to the 

interior of the carbon nanotubes shows the features at lower wavenumbers.  

 

 

Figure 7. (a) Raman image which reflects the intensity of G-band in a sample of well-

dispersed SWNTs in 5 wt/v% Triton X-100 drop-dried on a glass support, (b) assignation 

of regions to the different clusters when the set of spectra was submitted to K-NN 

analysis, (c) Raman spectra corresponding to each cluster, the insets shows the 

wavenumbers at which appear the G- and G’-band in each cluster, (d) AFM image of the 

sample, (e)  photography acquired with an optical microscope employing a 20x objective 

of the SWNTs sample. 

 

3.7. Influence of aggregation state in multi-walled carbon nanotubes 

Raman spectrum of MWNTs has been less studied than SWNTs. In order to 

elucidate if these changes due to aggregation also take place when measuring 

the spectrum of a sample of multiwalled ones, similar measurements were 

performed. When acquiring the spectrum of solid (without any preparation 

treatment) as received multiwalled carbon nanotubes, differences in G-/D-band 



 Bloque IV. Caracterización de nanopartículas 

 

   
 

238 

intensity ratio were also observed although less significant than in previous 

studies (Figure 8).  

 

Figure 8. Raman spectra of solid multi walled carbon nanotubes acquired in the same 

sample at different points (a-d). Spectra were taken with an integration time of 1 second 

and accumulating 20 spectra with an EMCCD Gain output amplifier. 

 

In order to corroborate it, we measured a Raman image of MWNTs dispersed in 

methanol and drop-dried on a glass support (Figure 9a), measuring a total of 90 

points per line and 90 lines per image at a surface of 72 x 72 µm with an 

integration time of 0.05 s. The set of spectra were submitted to analogous K-NN 

analysis than that described for SWNTs. In this case it can be concluded that 

aggregation affects in less extent to the G-/D-band intensity ratio. Figure 9b 

shows the different regions of the clusters corresponding to the Raman spectra 

in Fig. 9c with the same colour code.  
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Figure 9. (a) Raman image which reflects the intensity of G-band in a sample of MWNTs 

dispersed in ethanol and drop-dried on a glass support, (b) assignation of regions to the 

different clusters when the set of spectra was submitted to K-NN analysis, (c) Raman 

spectra corresponding to each cluster and IG/ID calculated for each spectrum. 

 

In the case of MWNTs, most of the characteristic bands of SWNTs such as the 

RBM Raman feature are not usually observed owing to the larger diameter of 

the outer tubes and the ensemble average of inner tube diameter broadens the 

signal. The less influence of bundle state of the sample on MWNTs features may 

be attributed to the presence of several layers. In the case of SWNTs the bands 

associated to isolated nanotubes are associated with a single-layer, while in the 

case of bundles of SWNTs the signal is influenced by the nanotubes present 

around them.  

4. Conclusions 

The need of carefully consider the aggregation state of a sample of single-

walled carbon nanotubes when measuring Raman spectrum has been 

demonstrated, because of their influence in  G-/D-band intensity ratio, which 

has been usually employed to discuss sample purity. The possible influence of 
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laser beam or sample focusing has been discarded. K-nearest neighbors 

classified a set of spectra of a region of carbon nanotubes with different 

aggregation state into three different clusters, according to their G-/D-band 

intensity ratio. Thus, regarding the variability introduced by aggregation, a 

sample pretreatment is proposed which consists in the dispersion of carbon 

nanotubes with the aid of surfactants, such as Triton X-100, and the subsequent 

measurement of the free carbon nanotubes placed in a glass substrate. It has 

been proved that when analyzing debundled carbon nanotubes the 

reproducibility of the measurements is consistent. The influence of aggregation 

in the case of MWNTs has been also studied finding that this sample is less 

sensitive to changes produced by this variable than in the case of SWNTs.  
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Qualitative detection and quantitative determination of 

single-walled carbon nanotubes in mixtures of carbon 

nanotubes with a portable Raman spectrometer 

A. I. López-Lorente, B. M. Simonet, M. Valcárcel 

Department of Analytical Chemistry, University of Córdoba, E-14071 Córdoba, Spain. 

  

The main aim of this work is to develop a one-step method for the 

characterization of mixtures of single- and multi-walled carbon nanotubes using 

a simple and inexpensive tool, a portable Raman spectrometer. In order to 

overcome the problem of heat dissipation in solid samples, the suitability of 

three surfactants—SDS, Triton X-100 and CTAB—to disperse nanotubes has 

been evaluated. A systematic study of the wavenumbers and relative intensity of 

the D and G bands has been carried out with six samples of multiwalled carbon 

nanotubes (MWNTs) and one of single-walled carbon nanotubes (SWNTs) 

dispersed in these surfactants, and this has been compared with solid samples. 

Finally, the possibility to identify and (semi)quantify the presence of SWNTs in a 

mixture containing MWNTs has been demonstrated. 

 

Keywords: carbon nanotube, Raman spectroscopy, characterization, SWNTs, 

MWNTs, surfactants. 
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1. Introduction 

Carbon nanotubes (CNTs) have aroused much attention in many fields of 

application due to their exceptional electrical, optical and mechanical properties. 

A bottleneck for a more widespread industrial application is the characterization 

and identification of CNTs with different properties, since most of the synthetic 

procedures lead to heterogeneous samples. Depending on the synthetic 

method, the technique used for the separation from the amorphous by-

products, the subsequent cleaning steps, and, finally, different 

functionalizations, a variety of different CNT are obtained that have very diverse 

properties [1]. Thus, there is a need for new analytical methodologies, based on 

simple instrumentation, for a rapid characterization of the products of these 

synthetic processes as well as the control of raw materials. 

CNTs dispersions have been characterized by UV-Visible absorption 

spectroscopy [2], near infrared (NIR) fluorescence spectroscopy [3], or just by 

visual inspection of the darkness of the dispersions [4]. UV-Vis absorption 

spectroscopy has been used to quantify different SWNTs dispersions [5], 

although it is difficult to separate contributions from SWNTs and other species 

such as carbonaceous impurities or dispersing agents. NIR luminescence studies 

[6] are limited to individually dispersed nanotubes due to the quenching effect 

of metallic ones as well as the surfactant influence on the peak. Microscopy-

based techniques [7] provide exact information about type and characteristics 

(shape, size, etc.), however, they present shortcomings in sample preparation 

such as the aggregation of the nanoparticles as well as the statistical uncertainty 

due to the human subjectivity implied when deciding which parts of the grid are 

photographed. Separation techniques (i.e. electrophoresis) have also been 

employed for the separation of single-walled carbon nanotubes, based on tube 

length or diameter-selective CE separation [8]. 
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With regard to these techniques, Raman spectroscopy has emerged as a 

powerful technique for the characterization of carbon nanotubes since Raman 

measurements are simple, can be performed at room temperature and under 

ambient pressure, are quick, non-destructive and non-invasive [9], and it is 

possible to find sophisticated laboratory equipment as well as less expensive 

portable ones. Raman scattering from SWCNTs is a resonant phenomena which 

generates an intense and easily measurable signal. Their widespread acceptance 

relies on their usefulness to provide information about vibrational properties 

that can be correlated with the structure and electronic properties of the 

nanotubes. The most significant Raman spectral features for carbon nanotubes 

are the radial breathing mode (RBM, 100–300 cm
-1

), the disorder peak (D peak, 

~1350 cm
-1

), the tangential mode (G band, 1400–1700 cm
-1

), and the second 

order overtone of the D peak (G’, 2500–2800 cm
-1

). 

Carbon nanotubes tend to form aggregates, and exfoliation of these bundles 

has been attempted by ultrasonication in the presence of organic solvents (e.g. 

o-dichlorobenzene, benzyl chloride [10]) or aqueous solutions of surfactants 

[11], copolymers [12], polyelectrolytes [13] and DNA molecules [14]. Raman 

spectroscopy has been employed for the characterization of the disaggregation 

state of CNT bundles dispersed with the aid of surfactants such as sodium 

dodecylbenzene sulfonate (SDBS) [4, 15, 16], sodium deoxycholate (DOC) [17], 

sodium cholate (SC) [18], sodium dodecylsulfate (SDS) [19,20] and Triton X-100 

[19]. 

In this paper, a rapid technique with affordable equipment has been developed 

for the characterization of mixtures of single and multiwalled carbon nanotubes. 

Surfactant dispersions are employed in order to overcome the limitations of the 

portable Raman spectrometer for its use from an analytical point of view. The 

suitability of sodium dodecylsulfate (SDS), Triton X-100 and 

cetyltrimethylammonium bromide (CTAB) surfactants have been evaluated. A 
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systematic study of the wavenumbers and relative intensity of the D and G 

bands has been carried out with six samples of multiwalled carbon nanotubes 

and one of single-walled. Measurements of dispersions have been compared 

with solid samples of the same nanotubes. Finally, the discriminated 

contribution of SWNTs to the Raman spectra of mixtures of both single- and 

multi-walled nanotubes has been demonstrated, which allows their 

identification and quantification. The added value of this work is the use of an 

inexpensive portable Raman spectrometer for the rapid and simple 

identification of single-walled carbon nanotubes within a sample of multiwalled 

ones, which can be applied as a screening method for the quality control of raw 

samples. 

2. Materials and methods 

2.1. Chemicals 

Different types of carbon nanotubes have been used. Table 1 shows the main 

characteristics of each kind of nanotube. MWNTs-1, 2, 3 were provided by 

Cheap Tubes (USA), MWNTs-4 were provided by Bayer Material Science 

(Germany), MWNTs-5 were bought from NTP (China), MWNTs-6 from Nanocyl 

(Belgium). SWNTs were provided by NTP. 

Carbon nanotube dispersions were prepared with the aid of surfactants. Triton 

X-100 and cetyltrimethylammonium bromide (CTAB) were provided by Fluka, 

(Buchs, Switzerland) and sodium dodecylsulfate (SDS) 98.5% was bought from 

Sigma-Aldrich (Madrid, Spain). 

2.2. Equipment 

Raman spectra were recorded with a portable Raman spectrometer system 

provided by B&W TEK Inc., known as i-Raman BWS415 with a wavelength of 785 

nm and a maximum laser output power at the system's excitation port of 354 
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mW ± 15%. OPUS 5.0 from BrukerOptik GmbH was employed for data 

treatment and spectra analysis. 

Carbon nanotubes were dispersed by using an ultrasound bath without heating 

(Ultrason model, Selecta, 50 W, 60 Hz). A precision analytical scale (Ohaus, 

Explorer model) was also employed. 

Table 1. Characteristics of the carbon nanotubes subject of study 

 Diameter (nm) Length (µm) Functionalization 

MWNTs-1 10-30 10-30 2.5 (wt)% OH 

MWNTs-2 10-30 10-30 1.6 (wt)% COOH 

MWNTs-3 10-30 10-30 - 

MWNTs-4 5-20 1-10 - 

MWNTs-5 10-20 5-15 - 

MWNTs-6 9.5 1.5 - 

SWNTs <2 5-15 - 

 

For Raman measurements of solid samples, a confocal Raman equipment 

(alpha500, manufactured by WITec GmbH) was employed. For excitation, a 

frequency double Nd:YAG laser at 532 nm (second harmonic generation) was 

used, which resulted in a penetration depth in silicon of about 0.5 mm. Raman 

spectra were collected using a 600 g mm
-1

 diffraction grating. The laser beam 

was focused on the sample surface using a 100x/0.95 Nikon objective. Laser 

powers were measured directly on the sample stage and were typically between 

0.5 and 1.5 mW. 

2.3. Preparation of the dispersions 

5 mg of carbon nanotubes were combined with 2 mL of a 10 wt/vol% SDS 

solution, a 10 wt/vol% Triton X-100 solution or 10 wt/vol% CTAB solutions. 

Carbon nanotubes were placed in a mortar and crushed with a few microlitres of 

the surfactant solution in order to achieve a better dispersion. The mixture (with 
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the final volume of surfactant solution) was then dispersed by ultrasonic 

irradiation in a bath sonicator (60 Hz) for 10 min. The ultrasonic irradiation was 

optimized in order to provide a good dispersion of carbon nanotubes in the 

surfactant solution without damaging them. Fig. 1 shows a typical TEM 

photograph of MWNTs-6 dispersed in Triton X-100 as an example. 

 

 

Figure 1. Transmission electron microscopy (TEM) photograph carried out with Philips 

CM-10 electron microscope. The sample was prepared by placing one drop of a dilute 

solution of dispersed MWNTs-6 in Triton X-100 onto a copper TEM grid with a Carbowax 

forward. 

 

2.4. Proposed methodology 

For recording Raman spectra, dispersions were pipetted into a 100 mL 

polyethylene home-made vial with a diameter of 0.5 cm. Raman spectra of 

solutions were recorded on the portable Raman spectrometer described above, 

by accumulating six spectra with collection times of 50 s each with a laser power 

of 354 mW. 
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3. Results and discussion 

Carbon nanotube samples can be damaged during data capture in Raman 

spectroscopy due to their poor heat dissipation despite the use of low laser 

power settings. The first studies in this work were carried out directly with solid 

samples with the portable equipment, but this resulted in damage to the carbon 

nanotubes. Measurements of carbon nanotube powder were achieved with a 

confocal Raman spectrometer coupled to an optical microscope which allows 

sample focusing. This equipment is more than ten times more expensive than 

the portable one. As the aim of this work was the development of a simple and 

cost-effective methodology, we decided to change the procedure of spectra 

acquisition by measuring dispersions of carbon nanotubes, which is feasible 

with the portable Raman spectrometer since Raman spectra of surfactant or 

polymer-suspended SWNTs are similar to those in aqueous solution [21]. 

Surfactants facilitate sample heat dissipation due to the much larger thermal 

conductivity of liquids with respect to the air. 

Different surfactants have been evaluated for this task, namely anionic sodium 

dodecylsulfate (SDS), cationic cetyltrimethylammonium bromide (CTAB) and 

neutral Triton X-100. 

3.1. Optimization of the amount of surfactant for dispersions 

The first step was the optimization of the best conditions for the preparation of 

the dispersions of carbon nanotubes and their stability. To this end, the 

surfactants previously mentioned were studied at different concentrations of 

each and a variety of conditions of agitation/radiation. In order to study the 

optimum amount of surfactant necessary to achieve a homogeneous dispersion 

of carbon nanotubes, without interfering in the subsequent Raman 

measurements, dispersions in a range of surfactant concentration from 0.5% to 

20%wt/vol were prepared, with sample concentration at intervals from 0.5 to 2.5 
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mg mL
-1

. Ultrasound radiation times varied from 5 minutes to 1 hour. Evaluation 

of the best conditions for the dispersion was accomplished by means of 

absorbance and turbidimetry measurements. Because lower concentrations of 

surfactant were not able to completely disperse carbon nanotubes, the criterion 

followed to recommend the concentration of surfactant was the determination 

of the maximum amount of surfactant compatible with the Raman detection. 

For the three surfactants, concentrations higher than 15% result in a 

background noise of the spectrum as well as the presence of surfactant peaks. 

The fact that high concentrations of surfactant result in aggregation of CNTs 

due to a large degree of circular micelle formation has been described [22]. 

Therefore, for further studies a concentration of 10% was recommended (Fig. 

2a). 

 

 

Figure 2. (a) Dependence of the intensity of the G band with the % of surfactant 

employed for the dispersion in the case of SDS and Triton X-100; (b) influence of laser 

power on the intensity of the G band; (c) influence of time of measurement as well as 

number of acquisitions on the intensity of the G band. 
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The selected concentrations for the three surfactants are below the critical 

micellar concentrations (cmc), which are tabulated by Sigma-Aldrich [23] to be 

0.2–0.9 mM for Triton X-100, 1 mM for CTAB and 7–10 mM for SDS. 

We recorded spectra of the surfactants employed for the dispersion and 

compared them with the spectrum of the carbon nanotubes dispersed with the 

aid of them. The bands of the surfactant do not appear in the spectrum of the 

samples of carbon nanotubes with the same concentration of surfactant. This 

fact allows carbon nanotube dispersions spectra to be recorded. As an example, 

Fig. 3 shows the spectra of a 10% aqueous solution of SDS (which is below the 

cmc) and a carbon nanotube (MWNTs-1) dispersion in 10% SDS. As can be seen, 

there is no influence of the surfactant in the spectrum of the nanoparticles, so it 

was not necessary to subtract its spectrum from the dispersion one. 
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Figure 3. Raman spectrum of a solution of 10%wt/vol SDS in water (grey) and 2.5 mgmL
-1

 

MWNTs-1 dispersed in 10%wt/vol SDS (black). 

 



 

257 

257 

 

 Capítulo 6 

 

 
 

257 

The mechanism of dispersion is that surfactant molecules orient themselves in 

such a way that the hydrophobic tail groups face the nanotube surface, while 

hydrophilic head groups face the aqueous phase, producing a lowering of the 

nanotube–water interfacial tension [24]. 

It is thought that the interaction of linear ionic surfactants (SDS and CTAB) with 

the nanotube surface may be weaker than that of the neutral surfactant (Triton 

X-100), since they do not contain aromatic rings. In fact, the concentrations of 

each surfactant employed for dispersions were 0.16 mM for Triton X-100, 0.27 

mM CTAB and 0.34 mM in the case of SDS. Thus, the dispersing power of 

surfactants follows the order: SDS < CTAB < Triton X-100. This behavior agrees 

with other studies; it has been described in the literature that CTAB can better 

suspend the nanotubes at minimum concentration (because it has a longer alkyl 

chain length) than SDS, and so the adsorption was induced exclusively by 

hydrophobic interactions [22]. Moreover, Triton X-100 has been said to have the 

highest dispersing power by virtue of its aromaticity [24]. Molecules having the 

benzene ring structure adsorb more strongly to the graphitic surface due to π–π 

stacking type interactions [24]. The amount of adsorbed surfactant depends on 

graphite–surfactant interactions, surface structure and both length of alkyl 

chains, head group size and charge of the surfactant [25] affect their dispersing 

power. Hydrophobic tail groups are placed usually flat on the graphitic surface, 

since methylene units of hydrocarbon chains are well coordinated with graphitic 

unit cells [24]. Longer tails means high spatial volume and more steric 

impediment, thus providing greater repulsive forces between individual carbon 

nanotubes. Besides this, surfactants with unsaturated bonds in their tail groups 

contribute more towards nanotube dispersion [24]. 

Regarding the dispersion of carbon nanotubes, 10 minutes of ultrasound 

irradiation has demonstrated to be sufficient in order to obtain homogenous 

and stable dispersion of samples, although the amount dispersed was different 
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depending on carbon nanotube–surfactant combination. In spite of the amount 

of surfactant used to disperse the sample, it is not possible to assure the 

absence of remaining aggregates. However, under the recommended 

conditions, Raman measurements were reproducible and characteristic of the 

carbon nanotube. 

3.2. Optimization of laser power 

As has been previously explained, the main difficulty found when measuring the 

Raman spectra of solid samples of carbon nanotubes is the heat degradation of 

the sample due to the laser radiation. In fact, the portable Raman equipment 

does not allow achieving this, since it is less flexible in regulating the power of 

the laser. Measurements of solid carbon nanotubes were carried out with the 

second equipment, by carefully regulating the laser power needed to avoid not 

only damages on the sample but also the appearance of interferences due to 

fluorescence of the sample (a drawback which has to be taken into account 

when measuring powder samples). These disadvantages have been overcome 

by dispersing the nanotubes in aqueous suspensions with the aid of surfactants. 

Solutions allow better heat dissipation which decreases the requirements of 

laser conditions. 

The influence of laser power on the spectra of the nanotubes has been studied. 

We found that at low laser power we could not record the spectrum. When 

increasing the laser power the spectrum was more sensitive (Fig. 2b), peaks were 

higher and we did not notice differences in the shape of the entire spectrum or 

loss of a peak with the power. The influence of laser irradiation over the Raman 

features in carbon nanotubes samples has been described in literature [10, 26]. 

However, in our case the ratio ID/IG was not affected by laser power. In any case, 

measurements have been carried out using the same laser power for all the 

samples with dispersed carbon nanotubes. For them, the optimum laser power 
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was found to be the maximum allowed by the equipment, which was 354 mW 

with a laser wavelength of 785 nm. 

On the other hand, the influence of heating (as consequence of laser irradiation) 

has been also described, which leads to an increase in D peaks [10]. In order to 

evaluate this possible influence, measurements with samples dispersed in 

surfactants were performed with the sample heated at different temperatures 

between the range 25–60ºC. In order to minimize the heating effect of the laser 

in the sample, measurements were also carried out on a rotating sample. The 

trend in the ID/IG ratios became unaltered since all measurements used the same 

laser power. In fact, it has been described that laser irradiation purifies carbon 

nanotubes during the first power sweep and an almost constant ID/IG ratio is 

observed after the irradiation process in subsequent measurements [27]. 

In the case of solid samples, laser power was reduced to 1.0 mW for a laser 

wavelength of 532 nm using a 100x objective lens. The laser power to measure 

Raman spectra of CNT bundles without burning the sample should be much 

lower than for isolated nanotubes because of the poor inter-tube thermal 

conductivity in CNT bundles [28]. 

3.3. Optimization of acquisition time and the accumulated spectra 

Spectra were performed with an acquisition time ranging from 10 to 65 s with a 

number of acquisitions ranging from 1 to 10 (Fig. 2c). The minimum time of 

acquisition necessary to visualize the spectrum has been proved to be 10 s, 

being necessary to accumulate more than one spectrum in order to achieve a 

good signal-to-noise ratio. A compromise between the duration of the 

acquisition and the quality of the spectrum has to be reached, with 10 

acquisitions being enough to record an acceptable spectrum. Thus, the best 

conditions in terms of shape of the spectrum and duration of the acquisition 
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were 50 seconds accumulating a sum of 6 spectra. In further studies these were 

the performance conditions. 

3.4. Influence of pH 

In order to investigate the possible influence of the pH of the media when 

recording the spectrum owing to the presence of groups such as –OH or           

–COOH, we measured the spectrum of samples of carbon nanotubes with the 

mentioned groups at different pH values. We did not notice differences in the 

spectrum, so in further studies we did not take this into account. 

3.5. Evaluation of D/G band intensity ratio 

Dispersions of the different carbon nanotubes were prepared and measured 

under the optimum conditions. The ratio of intensity of D/G bands was 

calculated for each nanotube with the different surfactants. The intensity ratio of 

the G and D peaks (ID/IG) refers to the ratio of the height of each peak after 

subtracting the baseline. Fig. 4 shows the calculated ratio values. As can be seen, 

in the case of multiwalled carbon nanotubes the intensity of the D band is in all 

cases higher than the intensity of the G band, resulting in ratio values greater 

than 1. However, in the case of single-walled carbon nanotubes the ratio 

decreases to values around ID/IG=0.5, depending on the surfactant employed for 

dispersion. 

MWNTs-4 when dispersed provided the highest ratio, which means a low 

intensity for the G feature with respect to the D band. Differences between 

surfactants may be attributed to the different dispersion capabilities of each of 

them for the particular case of each type of nanotube. In fact, values of D/G 

ratio have been not calculated for MWNTs-5 dispersed in CTAB and MWNTs-6 

in Triton X-100, since nanotube dispersions did not provide a good spectrum 

where these bands could be correctly identified. The influence of the degree of 
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alignment in MWNTs on the ID/IG ratio has been reported [29], thus, differences 

found between nanotubes and within the same type of nanotubes dispersed 

with different surfactants can be explained on this basis. 

 

Figure 4. ID/IG ratio for each type of carbon nanotubes studied. 

 

In SWNTs, the G band is, along with RBM bands, one of the strongest features in 

Raman spectra, and both are first-order Raman modes. However, the D band is 

a second-order Raman scattering and is weaker. It should be pointed out that 

an inverse behavior of the intensity of these first and second order Raman 

modes is observed in the case of the six different multi-walled carbon 

nanotubes studied in this work with respect to SWNTs, which can be related to 

the higher quantity of structural defects because of their multiple graphite 

layers. 
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3.6. Evaluation of D and G band wavenumbers 

The D band is related to disorder present in the carbon aromatic structure. From 

the experimental results, it can be assumed that the position of the D bands for 

carbon nanotubes with different characteristics differs. Fig. 5(A1) shows the 

Raman shift at which the D band appears for the carbon nanotubes subjected to 

the present study. 

 

Figure 5. (1) Raman shift values at which D band (A1) and G band (B1) features appear 

when measuring dispersion of the different carbon nanotubes with each surfactant. (2) 

Deviation of the Raman shift wavenumbers (in absolute value) of the D band, downshift, 

(A2) and the G band, upshift, (B2) from dispersions with respect to solid samples. 

 

As previously commented, the G band is a first-order Raman mode which is the 

strongest feature in the Raman spectra of SWNTs. It originates from sp
2
 carbon 

sites present in the sample [30]. In SWNTs it is usually split into features around 
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1580 cm
-1

. However, the splitting of the G band in MWNTs is small in intensity 

and smeared out due to the effect of the diameter distribution within the 

individual MWNTs. The G band exhibits a weakly asymmetric lineshape 

appearing as a single peak at a frequency closer to that of graphite of 1582 cm
-1

 

[31]. In this study the splitting of the G band has not been observed. Fig. 5(B1) 

depicts the Raman shift for the G feature in the Raman spectra of dispersed 

carbon nanotubes with each surfactant. SWNT G peak appears at lower 

wavenumbers compared with that of MWNTs. 

3.7. Comparison of D and G band wavenumbers with solid carbon 

nanotubes spectra 

The most prominent variation of spectra of solid carbon nanotubes with respect 

to surfactant-dispersed solutions is a shift of Raman features, including D and G 

bands which are the object of this study. The average positions of the D peaks 

in the spectra are 1340 cm
-1

 (MWNTs-1), 1345 cm
-1

 (MWNTs-2), 1343 cm
-1

 

(MWNTs-3), 1342 cm
-1

 (MWNTs-4), 1344 cm
-1

 (MWNTs-5), 1337 cm
-1

 (MWNTs-

6) and 1343 cm
-1

 (SWNTs) when recorded using 532 nm excitation (solid 

samples). However the positions of D peaks in the spectra of dispersed 

nanotubes using a 785 nm excitation wavelength were found at values ranging 

from 1300–1311 cm
-1

, as depicted in Fig. 5(A1), depending on the nature of the 

nanotube and the dispersant. Thus, the D band shows a shift in the range of 30–

40 cm
-1

 (see Fig. 5(A2)) from solid samples (532 nm laser wavelength) to 

dispersed nanotubes (785 nm laser wavelength). 

In the case of the G band, the average positions in solid carbon nanotubes are 

1571 cm
-1

 (MWNTs-1), 1578 cm
-1 

(MWNTs-2), 1577 cm
-1

 (MWNTs-3), 1581 cm
-1

 

(MWNTs-4), 1578 cm
-1

 (MWNTs-5), 1575 cm
-1

 (MWNTs-6) and 1584 cm
-1 

(SWNTs). The positions of G peaks in the spectra of dispersed nanotubes using a 

785 nm excitation wavelength were found at values ranging from 1589–1606 

cm
-1

, as depicted in Fig. 5(B1), depending on the nature of the nanotube and 
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the dispersant. Again a shift in the range of 0–30 cm
-1

 (see Fig. 5(B2)) from solid 

samples to dispersed nanotubes can be observed. It should be noted that in the 

case of SWNTs there is no significant shift between solid and dispersed samples 

that being the main difference in the case of dispersed SWNTs, without 

dependence of the surfactant employed, in which the G band appeared in all 

cases at lower wavenumbers than MWNTs dispersions. 

The observed downshift and upshift in the case of D and G bands, respectively, 

may be attributed to the influence of laser wavelength and debundling of 

carbon nanotubes. 

Firstly, it should be taken into account that measurements in the case of solid 

samples were performed with a laser at a wavelength of 532 nm, and in the case 

of dispersion at a wavelength of 785 nm. The shift of Raman features depending 

on the laser wavelength has been described previously [29]. The fact that several 

weak Raman signals vary in phonon frequency when changing laser excitation 

energy has been reported [32-34], such as the D band at 1350 cm
-1

 whose 

frequency changes by 53 cm
-1

 as a result of changing the laser energy [28]. 

On the other hand, different transition energies have been observed for 

individual suspended SWNTs wrapped by a surfactant and SWNTs in bundles, 

where the transition energies for bundled SWNTs are shifted towards lower 

energies [35-37]. A shift of Raman bands in MWNTs to higher wavenumbers 

upon debundling, on account of reduced intertube interactions, has also been 

reported [38]. 

Moreover, an upshift of RBM bands has been described when SWNTs are 

dispersed in suspensions with respect to dry powder, which has been assigned 

to molecular interactions between the surfactant molecules and the nanotubes 

[19]. In our case, the observed upshift of the G band and downshift of the D 

band could be attributed to the same phenomenon. The hydrophobic parts of 
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all the surfactants employed as dispersing agents in this study are similar to 

those of alkanes, so they will exert molecular pressure with similar cohesive 

energy density to long alkanes. This agrees with the finding of Wood and 

Wagner [39] who showed an upshift of the G’ band of carbon nanotubes 

dispersed in fluids when increasing the cohesive energy density, due to the 

internal pressure of molecular liquids. 

3.8. Characterization of mixtures of single- and multiwalled carbon 

nanotubes 

The suitability of Raman spectroscopy to identify and quantify the presence of 

single walled carbon nanotubes within a dispersion of multi walled carbon 

nanotubes has been investigated. For that purpose we prepared mixtures with 

different quantities of SWNTs and carbon nanotubes modified with hydroxyl 

groups (MWNTs-1) ranging from 0–8 mg of each CNTs in 4 mL of 10% SDS 

solution. The spectra showed the presence of the different carbon nanotubes by 

variation of the relative intensity of the D/G bands which resulted in 0.53 in pure 

SWNTs and 2.01 for pure MWNTs-1. 

Fig. 6 shows the relation found between the percentage of SWNTs in the 

mixture of carbon nanotubes and the ratio of height of D/G bands. Results of 

the relation of full width at half maximum (FWHM) of the D/G bands agreed 

with these results, showing a linear relationship that can be employed to 

determine the quantity of carbon nanotubes of each type that are present in an 

unknown sample. This information may be very useful to characterize industrial 

samples that are composed of a mixture of nanotubes of different types. 
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Figure 6. Relationship between the percentage of SWNTs present in the sample of 

carbon nanotubes mixtures and the height of the D/G band ratio. 

 

In addition to the influence that the presence of SWNTs in a MWNTs sample has 

demonstrated on the height of the D/G band ratio (Fig. 6), a variation has also 

been observed in the G band lineshape. Raman features have been analyzed by 

a Lorentzian fit of the spectra. It has been described that in the case of the lower 

frequency G band feature (G
-
) for metallic SWNTs, a better fit can be achieved 

by a Breit–Wigner–Fano lineshape, while in the case of semiconducting SWNTs 

the G
-
 band remains well fit by a Lorentzian [28]. In the present study, we have 

both metallic and semiconducting SWNTs in our sample, thus the fitting has 

been performed according to the Lorentzian lineshape both for SWNTs and 

MWNTs: 
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analyzed and deconvoluted by using a Lorentzian fitting lineshape, and the 

contribution of both single and multiwalled carbon nanotubes have been shown 

(Fig. 7). 

 

 

 

 

 

Figure 7. G band feature for (a) mixture with 20%wt/vol of SWNTs and (b) 80%wt/vol of 

SWNTs in a mixture with MWNTs-1. The peak has been fitted with a Lorentzian lineshape 

and deconvoluted to show the contribution of each type of nanotube to the G band 

feature. 

 

4. Conclusions 

A detailed study of the Raman spectra of a variety of surfactant dispersed 

carbon nanotubes including the experimental optimization and the study of the 

results achieved allows us to develop a simple (one step) and reliable method 

for the characterization of mixtures of single- and multi-walled carbon 

nanotubes based on the relative intensity of the D and G bands as a 

measurement parameter. 

The main contributions of this work with regards to other methods described in 

the literature with the same aim are based on the following factors: (i) the 

simplicity of the procedure; (ii) the inexpensive instrument involved; (iii) the 

portability of the instrument, (iv) the systematic study of the Raman 

wavenumbers and the intensity ratio of D and G bands for CNTs suspended in 
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three different surfactants and (v) the feasibility to detect and (semi)quantify 

SWNTs in the presence of MWNTs both by using ID/IG ratio and by the effect on 

the G band lineshape. 

The results achieved demonstrate the feasibility of the proposed methodology 

as fit for purpose. This topic is of great relevance in both nanoscience and 

nanotechnology realms since one of their bottlenecks, not fully solved to date, is 

the batch-to-batch reproducibility of commercially supplied nanomaterials. Any 

contribution to develop simple procedures for quick and reliable quality control 

of incoming nanomaterials in research laboratories and nanotechnological 

industries should be obviously welcome. 
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IV.2. ESPECTROSCOPIA INFRARROJA 

 

La espectroscopia infrarroja (IR) es una técnica instrumental que proporciona 

información sobre los grupos funcionales y la estructura química de una 

molécula. La reflectancia total atenuada (ATR) se basa en la formación de una 

onda evanescente en el límite entre dos superficies con diferente índice de 

refracción.   

Los cambios significativos que se observan en las propiedades ópticas de las 

moléculas cuando están adsorbidas sobre superficies metálicas han potenciado 

un interés creciente por las espectroscopias amplificadas por superficie
1
. Como 

se verá posteriormente en el bloque V.2. el ejemplo más conocido es la 

dispersión Raman amplificada por superficies (SERS). Por otro lado, Hartstein
2
 y 

colaboradores describieron un incremento de la señal infrarroja de moléculas 

adsorbidas en superficies metálicas en un factor de hasta 10
4
 veces, efecto que 

fue posteriormente denominado como absorción infrarroja amplificada por 

superficies (SEIRA) por Osawa y Ikeda
3
, por analogía con SERS.  

Se han descrito dos mecanismos que contribuyen al incremento de la señal –

electromagnético y químico- tanto en espectroscopia SERS como SEIRA. En el 

caso de SEIRA, el mecanismo electromagnético asume un incremento del 

campo eléctrico local en la superficie de la nanopartícula, mientras que el 

                                                           
1
 R.P. Van Duyne, Science 306 (2004) 985-986. 

2
 A. Harstein, J.R. Kirtley, J.C. Tsang, Phys. Rev. Lett. 45 (1980) 201-204.  

3
 M. Osawa, M. Ikeda, J. Phys. Chem. 95 (1991) 9914-9919.  
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mecanismo químico supone un aumento del coeficiente de absorción debido a 

interacciones químicas entre las moléculas y la superficie metálica
4
.  

En el capítulo 7 se muestra el potencial de la espectroscopia infrarroja como 

herramienta para la caracterización de nanopartículas de oro en disolución. Se 

ha monitorizado la síntesis in-situ de nanopartículas de oro mediada por acero 

inoxidable que se ha propuesto anteriormente en el capítulo 3 de esta memoria 

de Tesis Doctoral mediante espectroscopia infrarroja por reflexión total 

atenuada (IR-ATR). El acero inoxidable que forma las paredes de la celda ATR 

induce la reducción del ácido tetracloroaúrico. A medida que las nanopartículas 

de oro se depositan en la superficie ATR de SiO2, se observa un incremento de 

la señal del agua debido al efecto SEIRA producido por las nanopartículas. 

Además, se ha demostrado que es posible investigar cambios de estado de 

agregación de la disolución de nanopartículas así como estudiar la 

sedimentación de nanopartículas de oro sin ligandos en superficie y con 

ligandos citrato utilizando esta técnica.  

 

 

 

 

 

 

                                                           
4
 M. Baia, F. Toderas, L. Baia, D. Maniu, S. Astilean, Chem. Phys. Chem. 10 (2009) 1106-

1111.  
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In-situ synthesis of bare gold nanoparticles mediated by stainless steel as 

reducing agent was monitored via infrared attenuated total reflection (IR-ATR) 

spectroscopy. Gold nanoparticles are directly synthesized within the liquid cell 

of the ATR unit taking immediate advantage of the stainless steel walls of the 

ATR cell. As nanoparticles are formed, a layer of particles deposits at the SiO2 

ATR waveguide surface. Incidentally, the absorption bands of water increased 

resulting from surface enhanced infrared absorption (SEIRA) effects arising from 

the presence of the gold nanoparticles within the evanescent field. Next to the 

influence of the Au(III) precursor concentration and the temperature, the 

suitability of IR-ATR spectroscopy as an innovative tool for investigating 

changes of nanoparticles in solution such as aggregation promoted by an 

increase of the ionic strength or pH decrease, as well as for detailing the 

sedimentation process of gold nanoparticles was confirmed.  

 

Keywords: attenuated total reflection, ATR, infrared spectroscopy, surface-

enhanced infrared absorption, SEIRA, gold nanoparticles, nanoparticle synthesis, 

aggregation. 
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1. Introduction 

Metallic nanoparticles and especially gold nanoparticles (AuNPs) provide 

exceptional properties, which have promoted their use in many fields of 

application including biomedical imaging and diagnostic assays [1], biological 

applications [2], as catalysts [3], and for applications based on the enhanced 

optical properties of nanoparticles such as enhanced Rayleigh scattering or 

surface-enhanced Raman scattering (SERS) of adsorbed molecules [4].  

Increasing interest has also been attributed to the diversity of synthetic 

procedures for the generation of AuNPs [5], which demand for advanced 

characterization tools for nanoparticles synthesized at a wide variety of 

conditions. Microscopic techniques are among of the most commonly 

employed techniques, although they suffer from several drawbacks being e.g., 

time-consuming in order to assure sample representativeness, and potential 

problems related to the aggregation of nanoparticles when studied in solution. 

Optical analysis techniques have proved useful for the characterization of 

nanoparticles in particular taking advantage of the pronounced surface plasmon 

resonances attributed to gold nanoparticles. Dynamic light scattering (DLS) is a 

common method for the size characterization of nanoparticles [6]. In addition, 

Raman spectroscopy has been applied for the characterization and 

quantification of gold nanoparticles previously extracted by ionic liquids [7]. 

Separation techniques including electrophoresis [8] have also been extensively 

employed for the characterization of synthesized gold nanoparticles. Finally, 

inductively coupled plasma mass spectrometry [9] (ICP-MS) has been used to 

quantitatively determine the presence of gold nanoparticles.   

In general, gold nanoparticles do not show pronounced mid-infrared (3-20 µm; 

MIR) absorptions, unless they are functionalized at the surface with organic 

ligands giving rise to characteristic IR spectra. Consequently, AuNPs with 

cetyltrimethylammonium bromide (CTAB) molecules adsorbed in ionic liquid 
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media [10] have been characterized by Fourier transformation infrared (FT-IR) 

spectroscopy. Furthermore, IR spectra of 2-(12-mercaptododecyloxy)methyl-15-

crown-5-ether modified gold nanoparticles [11], 4-mercaptobenzoic acid 

modified AuNPs [12], and AuNPs-metallocarbonyl conjugates [13] have been 

published. Infrared attenuated total reflectance (IR-ATR) spectroscopy has been 

used to quantitatively determine competitive molecular adsorption of thiolated 

poly(ethylene glycol) at gold nanoparticle surfaces [14]. However, to date 

infrared spectroscopy has not been used for the characterization of bare gold 

nanoparticles without any surface modification.  

Hartstein et al. [15] reported for the first time on the so-called surface enhanced 

infrared absorption (SEIRA) effect occurring at corrugated noble metal surfaces. 

Two enhancement mechanisms – electromagnetic and chemical enhancement - 

are considered as the main contributions to the observed enhancement in SEIRA 

spectroscopy [16]. Electromagnetic mechanisms increase the local electric field 

at the surface, while chemical enhancement assumes an increase of the 

absorption due to chemical interactions between molecules and gold 

nanoparticles [17]. SEIRA effects have been used for the determination of 

molecules such as p-nitrobenzoic acid [18], carbon monoxide [19], 

octadecanethiol [20-22], 4-pyridinethiol [23], and p-mercaptoaniline [24]. 

In the present study, photoenhanced adsorption of water at gold nanoparticles 

has been utilized for in-situ monitorization of the synthesis of bare gold 

nanoparticles via surface-enhanced infrared attenuated total reflection (SEIRA-

ATR) spectroscopy. Gold nanoparticles were directly grown within the liquid cell 

of the ATR unit from a tetrachloroauric acid solution mediated by the stainless 

steel housing of the ATR cell following a mechanism previously discussed by the 

authors [25,26]. As nanoparticles are formed and deposited at the surface of the 

ATR waveguide, an enhancement of the water absorption features is observed, 

which correlates with the amount of AuNPs present at the surface. A similar 
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effect has been observed in the case of gold nanoparticles synthesized in D2O 

with the absorption bands of deuterium oxide revealing similar enhancement 

during the formation of AuNPs. Moreover, the suitability of SEIRA-ATR 

spectroscopy for the investigation of gold nanoparticle solutions has been 

confirmed by studying effect of salts and pH on the aggregation state of gold 

nanoparticles in solution, as well as monitoring the involved sedimentation 

processes. Thus, herein IR spectroscopy is proposed as a novel alternative tool 

that can be applied for the characterization of AuNPs, being a simple, non-

expensive and non-destructive technique.  

2. Methods 

2.1. Materials and reagents 

HAuCl4 solution (Sigma Aldrich) and gold(III) chloride were used to synthesize 

the gold nanoparticles. Prior to synthesis, the material was washed with a 

mixture of nitric acid and hydrochloric acid (PANREAC). A flat piece of 304-

stainless steel was used as solid reducing agent of gold precursor in order to 

form gold nanoparticles. Sodium citrate dehydrate 99.5% (Sigma Aldrich) was 

used to synthesize citrate-coated gold nanoparticles. Silver nitrate, potassium 

nitrate, and sodium chloride purchased from Sigma-Aldrich were used to 

investigate the aggregation of the nanoparticles. Hexadecyltrimethylamonium 

chloride (CTAC) was obtained from Fluka. Deuterium oxide (D2O) was provided 

by VWR. All stock solutions were prepared in Milli-Q water.  

2.2. Synthesis of bare gold nanoparticles 

Gold nanoparticles were synthesized following the procedure described 

elsewhere [25,26], in which stainless steel is used as solid reductant. All 

glassware was cleaned with freshly prepared aqua regia (HNO3:HCl = 1:3 

mixture) and then rinsed thoroughly with distilled H2O prior to use. A piece of 
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304-stainless steel (12.9 mm
2
 of total surface) was introduced into 100 µL of a 

0.2 mg mL
-1

 aqueous solution of HAuCl4. The reaction is carried out at room 

temperature; the stainless steel substrate was simultaneously used as stirrer 

during the reaction.  

2.3. Synthesis of bare gold nanoparticles inside the ATR liquid cell 

Gold nanoparticles were also directly synthesized inside the liquid cell of the 

ATR unit by taking direct advantage of the stainless steel, which forms the walls 

of the ATR cell. In this case, no stainless steel piece is added to the solution of 

tetrachloroauric acid, which is used as a gold(III) precursor. Once the 

tetrachloroauric acid solution is located within the ATR unit, the immediate 

onset of the formation of gold nanoparticles is observed. Thus obtained AuNPs 

sediment at the ATR crystal surface facilitating direct monitoring via the infrared 

analysis techniques detailed below. The reaction was performed at different 

temperatures: room temperature (i.e., 22ºC), 40ºC, 50ºC, and 60ºC, as controlled 

by a thermostat unit.  

2.4. Synthesis of citrate-coated gold nanoparticles 

Gold nanoparticles obtained via HAuCl4 reduction mediated by sodium citrate 

were also prepared according to the method described by Turkevich et al. [27] 

applying some modifications, as described elsewhere [7]. Firstly, all glassware 

were cleaned with freshly prepared aqua regia (HNO3:HCl 1:3 mixture), and then 

rinsed thoroughly with distilled H2O prior to use. Tetrachloroauric acid and 

sodium citrate solutions were filtered through a 0.45 µm nylon membrane prior 

use. Once a 0.01% solution of HAuCl4 was boiling, 0.254 mL of a 1% sodium 

citrate solution were added. The system was then left to react while stirring for a 

period of 15 min. Afterwards, 5mL of 0.01% HAuCl4 solution were added to the 

system followed by 0.254 mL of 1% sodium citrate solution, and again stirred 

while heating for 15 min. Then, the heater was switched off, and the solution 
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was stirred until cooling to room temperature. Thus obtained AuNPs were 

stored at 4ºC in an amber bottle. 

2.5. Infrared spectroscopic analysis 

Infrared measurements were performed using a Vertex 70 FT-IR spectrometer 

equipped with a BioATRCell-II unit and a liquid nitrogen cooled mercury-

cadmium-telluride (MCT) detector (Bruker Optics, Ettlingen, Germany). Figure 1 

shows a scheme of the IR measurement setup. Data acquisition and processing 

was performed using the OPUS 6.5 software package (Bruker Optics, Ettlingen, 

Germany). Spectra were acquired by averaging 300 scans in the spectral window 

of 4000 to 400 cm
−1

 at a spectral resolution of 4 cm
−1

. Prior to analyzing each 

set of samples, a background spectrum of the tetrachloroauric acid solution was 

collected when monitoring the subsequent in-situ synthesis of AuNPs. If AuNPs 

were synthesized ex-situ, prior to a sample measurement a background 

spectrum of deposited AuNPs at time zero was recorded. Finally, measurements 

of the synthesis of gold nanoparticles in D2O media were acquired averaging 

500 scans within 4000 to 400 cm
-1

 at 4 cm
-1

 spectral resolution. 

 

Figure 1. Scheme of the ATR unit employed in this work. As it can be seen the walls of the 

cell are composed of stainless steel, which acts as reducing agent leading to the in-situ 

formation of gold nanoparticles from tetrachloroauric acid solution.  

 1 



 Bloque IV. Caracterización de nanopartículas 

 

    
 

284 

3. Results and discussion 

3.1. In-situ synthesis of gold nanoparticles within the IR-ATR liquid cell 

Gold nanoparticles were directly synthesized inside the ATR unit taking 

advantage of the stainless steel ring establishing the confining walls of the 

liquid cell, as previously demonstrated by the authors [25,26]. While AuNPs 

form, the sediment at the ATR waveguide surface until Coulomb repulsion from 

already adsorbed AuNPs lead to an equilibrium.   

Gold nanoparticles are characterized by a strong plasmon resonance in the 

UV/Vis region as a consequence of the collective oscillation of electrons within 

the conduction band. However, in the MIR gold nanoparticles do not show a 

pronounced absorption. Despite the IR-inactivity of AuNPs, it was found that 

their formation may still be monitored via IR spectroscopy by analyzing the 

increase of the water absorption features during the synthesis process, which 

arises from the SEIRA effect. Figure 2 shows a series of in-situ IR-ATR spectra 

recorded during gold nanoparticles being synthesized within the ATR unit.  

According to literature [28], the vibrational modes of water in the infrared 

region are the H2O bending mode at 1644 cm
-1

, the combination of H2O 

bending and libration mode at 2128 cm
-1

, and a pronounced vibration around 

3404 cm
-1

, which is composed of the overtone of the bending mode at 3250   

cm
-1

, the symmetric OH stretch at 3450 cm
-1

 and the antisymmetric OH stretch 

at 3600 cm
-1 

[22]. As gold nanoparticles are formed and deposited at the ATR 

waveguide surface, an increase of the H2O bending and the OH stretching 

bands is observed despite the decrease of water molecules present within the 

evanescent field being displaced by gold nanoparticles. This increase is 

attributed to an enhancement of the water absorptions within the evanescent 

field resulting from the presence of AuNPs. While the magnitude of the 

enhancement certainly decreases with increasing the distance from the 
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waveguide surface (i.e., the nanoparticulated Au film), it compensates for the 

decreasing number of water molecules steadily displaced by AuNPs. The 

hypothesis of enhancing the IR signature of water via the formation of AuNPs is 

further corroborated by the observed increase of the water absorption signal vs. 

the background spectrum. 

 

 

Figure 2. In situ ATR-SEIRA spectra during the synthesis of gold nanoparticles inside the 

ATR unit in a water environment (from a 200 mg dL
-1

 HAuCl4 solution).(a) H2O bending 

mode, (b) OH stretch. To see the SEIRA effect of gold nanoparticles over water bands, a 

spectrum of tetrachloroauric acid solution in water just before the synthesis starts was 

used as background reference. Thus, the water features shown in the spectra are directly 

the enhancement produced as gold nanoparticles are obtained. (c) Height of the δ(H2O) 

bending vibration band at 1644 cm
-1

 and best-fit function of the band height versus 

time. At t=0 the HAuCl4 solution was injected into the ATR unit.   
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For monitoring the kinetics of the synthesis, and of the deposition of AuNPs at 

the ATR waveguide surface, the peak height of the water bending mode 

(δ(H2O))was analyzed in detail. Figure 2a shows the peak height of the H2O 

bending mode vs. time with t=0 indicating the initiation of the in-situ synthesis 

of gold nanoparticles from tetrachloroauric acid solution. The obtained data 

points readily fit to a Langmuir model, which describes a random adsorption 

process within the first monolayer (Figure 2c). The obtained goodness-of-the-fit 

was r
2
=0.997.   

The band corresponding to the OH stretching vibration likewise showed 

revealed an increase during the synthesis of gold nanoparticles (figure 2b). 

Plotting the peak height vs. time again fits a Langmuir isotherm.  

In order to further study the in-situ formation of gold nanoparticles within the 

ATR cell, a stainless steel O-ring of similar dimensions was glued onto a piece of 

silicon wafer, in order to simulate the scenario inside the ATR liquid cell (i.e., 

mock-up ATR cell; MU-ATR) enabling access to subsequent scanning electron 

microscopy (SEM) studies of the obtained AuNPs without additional 

manipulation. Similar to the in-situ synthesis monitored by IR-ATR spectroscopy, 

a small amount of HAuCl4 (200 mg dL
-1

) was added to the MU-ATR in order to 

synthesize AuNPs. The reaction was stopped after 20 min and 100 min, 

respectively, by removing the aqueous solution followed by rinsing with dried 

air.  

After 20 min, sub-monolayer coverage with few agglomerates of AuNPs was 

determined at the Si wafer surface, as expected from the in-situ IR-ATR studies. 

After 100 min, the AuNPs in solution show significant agglomeration with 

already adsorbed gold nanoparticles, as can be seen in Figure 3. MU-ATR 

microscopic studies were compared with the results obtained by IR. During the 

process of deposition of AuNPs on the ATR crystal, their distribution, size and 

shape of the NPs as well as their interaction change. This morphological 
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development causes changes of the electromagnetic field near the ATR active 

surface. Firstly, a monolayer of AuNPs is formed at the surface, which leads to a 

strong water bending and OH stretching signal enhancement in the first few 

minutes.  They are SEIRA active due to an enhanced near-field around the NPs, 

which decays with increasing distance from the particle surface. As previously 

explained, the near-field enhancement around the AuNPs overcompensates the 

loss of water molecules replaced by AuNPs during their adsorption on the 

surface. Once gold nanoparticles are deposited on the surface, aggregates or 

islands of nanoparticles are observed, as can be seen from SEM images (Figure 

3), along with no further increase of water features bands. At such islands, the 

electromagnetic near-field distribution changes as the consequential absorption 

of IR radiation [21].  

  

Figure 3. Scanning electron microscopy images of in situ synthesized gold nanoparticles: 

(left) after 20 min, (right) after 100 min. 

 

3.2. Influence of the gold(III) precursor concentration 

The influence of the concentration of the gold(III) precursor (i.e., tetrachloroauric 

acid) was performed. While the kinetics of the reaction follow a different rate 
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depending on the concentration, in all cases the obtained rate functions may be 

fitted with a Langmuir isotherm.   

If the concentration of gold precursor within the ATR unit is high (i.e.,             

200 mgdL
-1

), the increase of the absorption features related to the water 

spectrum is rapidly observed (i.e., within 1 min). At lower concentrations (i.e.,    

66 mgdL
-1

), the formation of gold nanoparticles is correspondingly slower, 

which is reflected in the IR spectrum (Figure S1). Figure S2 shows the H2O 

bending region at different times of reaction. Initially, AuNPs deposited at the 

surface appear isolated with only few particles agglomerated. With increasing 

reaction time, packed island of connected nanoparticles are evident. This 

behavior agrees with findings previously reported in literature [22] for the water 

OH stretching band during the adsorption of a submonolayer of AuNPs at a 

substrate initially treated with (aminopropyl)triethoxysilane (APTES).   

3.3. Influence of the temperature 

If AuNPs are synthesized outside the ATR unit by inserting a piece of stainless 

steel piece into the solution [25], an increase of the rate of production of gold 

nanoparticles is observed with increasing temperature. The in-situ synthesis was 

performed at different temperatures (23, 40, 50, and 60ºC) to spectroscopically 

study this behavior. With increasing temperature the enhancement of water 

bands appears more rapidly, which in turn indicates that AuNPs are formed 

more rapidly.  

3.4. Reproducibility  

A study of the reproducibility of the in-situ AuNPs synthesis and the observed 

SEIRA-ATR water signal was performed by repeating the analysis four times 

during different days for the synthesis procedure based on a 200 mg dL
-1
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HAuCl4 solution at 60ºC. The relative standard deviation calculated from the 

H2O bending peak height was 10.55%.  

3.5. In-situ synthesis of gold nanoparticles in D2O  

The synthesis of the gold nanoparticles mediated by stainless steel inside the 

ATR unit was finally also performed in D2O, again using AuCl3. The aim of this 

study was to potentially observe the SEIRA effect on the associated D2O bands 

in a different spectral regime for confirmation of the observed effects. No 

significant difference was noted concerning the formation of AuNPs during the 

chemical reaction compared to the studies in H2O. Similarly to the observations 

in water, as gold nanoparticles were emerging the absorption signals of the 

υ(OD) and the δ(D2O) band appear with enhanced intensity. Again, thus 

obtained data was fitted using a Langmuir model with a goodness-of-the-fit of 

r
2
=0.994 (see Figure S3).   

The same behavior was observed when performing the synthesis in a 1:1 

mixture of H2O and D2O resulting in the corresponding simultaneous 

enhancement of water and deuterium oxide infrared features, respectively.  

3.6. Influence of the ionic strength 

As IR spectra are also sensitive to variations of the chemical environmental, next 

to non-destructively monitoring the synthesis of gold nanoparticles one may 

furthermore analyze changes in aggregation or stability of the obtained AuNP 

dispersions. The aggregation of AuNPs causes coupling of their plasmonic 

modes, thereby resulting in a red shift and broadening of the longitudinal 

plasmon resonance band in the optical spectrum, as evident in the UV/Vis 

absorption spectra shown in Figure 4 (top). It is known that variation of the ionic 

strength is a particle-independent strategy to affect the repulsion distance 

between charged particles. Increasing the ionic strength decreases the Debye 
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length, thus also decreasing the averaged distance between particles [29]. Two 

hypotheses have been proposed to explain the observed change in the color of 

such solutions when increasing the ionic strength: (i) the gold nanoparticles 

physically coalesce to form larger particles, and (ii) the mean interaction 

distance is reduced such that their surface plasmons may interact [29].  

Herein, the effect of the addition of silver(I) nitrate and potassium nitrate was 

investigated. As gold nanoparticles are synthesized and deposited within the 

evanescent field at the ATR waveguide surface, an enhancement of the water 

absorption features is observed. If the ionic strength of the solution is altered by 

addition of salts, a sudden increase of the absorption of the water bands is 

observed, without any further change with time.  

While AuNPs synthesized in-situ using the stainless steel assisted method do 

not contain citrate ligands bound to the nanoparticle surface, chloride ions are 

present in abundance and may shield the obtained nanoparticles. Such a 

chloride shell may prevent nanoparticle agglomeration, and may also facilitate 

the stabilization of the solution due to the achieved spacing between individual 

NPs. When adding silver nitrate to the solution, which increases the ionic 

strength, the enhancement of the water bands terminates (see Figure 4 bottom). 

Apparently, silver ions interact with chloride ions, and thus, the AuNPs will be 

destabilized and rapidly deposit at the waveguide surface. Once deposited as 

islands on the surface the increase in water vibration bands stopped, analogous 

to that observed at longer times of deposition of AuNPs during their synthesis. 

A similar behavior was observed when adding potassium nitrate; once 

nanoparticles aggregate, an increase in water signal is observed followed by no 

further changes of the IR absorption band.    

  



 Capítulo 7 

 

 
 

291 

 

Figure 4. (a) UV-Vis spectra of the gold nanoparticles solution prior and after the addition 

of NaCl increasing the ionic strength of the solution which leads to the aggregation of 

the AuNPs. (b) Plot of the water OH stretching band height versus time. At minute 11,   

10 µL of 1M AgNO3 solution were added.   

 

3.7. Influence of the pH value 

The influence of a decrease in pH during the synthesis of gold nanoparticles 

within the ATR unit was investigated by adding HNO3 during the synthesis. 10 

µL of a 10% (v/v) HNO3 solution were added to 40 µL of 200 mg dL
-1

 HAuCl4 

solution previously placed into the ATR liquid cell. It has been described that 

low pH values induce the aggregation of gold nanoparticles [30]. Again, the 

suitability of IR-ATR spectroscopy to determine changes in aggregation state of 

the synthesizing gold nanoparticles was demonstrated observing a behavior 

similar to that when increasing ionic strength.  

3.8. Investigating the sedimentation behavior of ex-situ synthesized 

unmodified and citrate coated gold nanoparticles via IR-ATR spectroscopy 

Studying the sedimentation behavior of gold nanoparticles has been reported 

via UV/Vis spectroscopy under normal gravitational force [31]. The optical 

detection of sedimenting particles in solution enables accurately determining 
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the particle size distribution in a polydisperse nanoparticle sample [31]. Herein, 

IR-ATR spectroscopy is demonstrated as an alternative tool for monitoring 

gravitational sedimentation of gold nanoparticles. Hence, the sedimentation 

rate of both unmodified gold nanoparticles obtained via stainless steel assisted 

reduction outside the ATR liquid cell, and citrate-capped gold nanoparticles was 

compared. In order to achieve acceptable sedimentation rates, CTAC was added, 

as previously reported in the literature [32]. Cationic surfactant causes 

aggregation by neutralizing the negative charge at the nanoparticle surface.     

 

Figure 5. Plot of H2O bending band height versus time during the sedimentation of 

citrate-coated and bare gold nanoparticles in CTAC media. To see the SEIRA effect while 

depositing of gold nanoparticles over water bands, a spectrum of the gold nanoparticles 

solution at t=0 was measured and used as background reference. Thus, the water 

features shown in the spectra are directly the enhancement produced as gold 

nanoparticles settle.    

 

Experiments were carried out by placing a mixture of  20 µL of stainless steel 

assisted bare gold nanoparticles synthesized outside the cell with 20 µL of      

0.1 mol L
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again observed with time, such enhancement being faster in the presence of 

CTAC in solution.  A similar experiment was conducted by placing a mixture of 

20 µL of citrate-coated gold nanoparticles with 20 µL of 0.1 mol L
-1

 CTAC 

solution on the ATR unit.  Figure 5 shows a comparison of the behavior of both 

types of nanoparticles during their sedimentation on the ATR surface.  

4. Conclusions 

Thus, we propose the use of FTIR-ATR spectroscopy as tool for the study of gold 

nanoparticles solutions. IR-ATR was used to monitor the in-situ synthesis of 

gold nanoparticles in the ATR unit mediated by the stainless steel forming the 

walls of the cell. As gold nanoparticles are synthesized they cover the 

evanescent field replacing water molecules. Despite being no IR active, we can 

observe gold nanoparticles deposition by the enhancement they produce over 

water featured bands. This surface-enhancement, SEIRA effect, 

overcompensates the lost of water molecules on the surface active region, and 

allows the determination of gold nanoparticles presence. Moreover, IR-ATR can 

be used not only to monitor particle density at the ATR surface, but also to 

control chemical changes in solution that may affect the gold nanoparticles. 

Finally, it has been shown that IR-ATR spectroscopy can be used to evaluate the 

sedimentation process of gold nanoparticles on the surface.  
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SUPPORTING INFORMATION 

 

 

 

Figure S1. (a) Water δ(H2O) band height evolution with time during the synthesis of  gold 

nanoparticles from a tetrachloroauric acid solution at a concentration of: 66.6, 80, 100, 

133.3, 160 and 200 mg dL
-1

.  (b) Plot of δ(H2O) band height versus HAuCl4 water solution 

concentration at a time of 31 minutes.  
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Figure S2. In situ ATR-IR spectra of gold nanoparticles on the ATR surface during the 

synthesis procedure. Spectra were acquired each 120 second after the filling of the ATR 

unit with a 66.6 mg dL
-1

 solution of HAuCl4.  
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Figure S3. Top: In situ ATR-SEIRA spectra during the synthesis of gold nanoparticles 

inside the ATR unit in a D2O environment (from a 200 mg dL
-1

 HAuCl4 solution). To see 

the SEIRA effect of gold nanoparticles over deuterium oxide bands, a spectrum of 

gold(III) chloride solution in deuterium oxide just before the synthesis starts was used as 

background reference. Thus, the D2O features shown in the spectra are directly the 

enhancement produced as gold nanoparticles are obtained. Bottom: δ (D2O) band height 

evolution with time as gold nanoparticles are synthesized on the ATR cell and deposited 

on the SiO2 surface. 
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IV.3. ELECTROFORESIS CAPILAR 

De entre las diversas técnicas que se emplean para la caracterización de 

nanopartículas, la electroforesis capilar ha mostrado un gran potencial dado que 

es rápida y tiene un bajo consumo de muestra y reactivos. La electroforesis 

capilar se ha utilizado para separar una gran variedad de nanomateriales de 

diferente tamaño. La electroforesis capilar de zona (CZE) es fácilmente aplicable 

al estudio de nanopartículas con cargas superficiales, que forman dobles capas, 

siendo su comportamiento en el sistema electroforético similar al de las 

especies moleculares cargadas. La carga puede ser resultado de la estabilización 

coloidal con un ligando o de la introducción de grupos orgánicos cargados (por 

ejemplo a través de la formación de derivados de tioles).  

Las nanopartículas de oro sintetizadas con citrato forman una doble capa con 

los iones citrato adsorbidos en la superficie de la nanopartícula, lo que evita la 

aglomeración e interacciones de adsorción con la pared del capilar cuando está 

negativamente cargada. Se ha encontrado que AuNPs con diferentes diámetros 

tienen tiempos de migración diferentes, lo que se ha utilizado para la 

separación de nanopartículas en función del tamaño. Asimismo, se ha llevado a 

cabo la separación de nanopartículas de oro y plata en función de la forma de 

las mismas. 

El capítulo 8 proporciona una visión general de las técnicas electroforéticas 

empleadas para la caracterización y determinación de nanopartículas de 

diferente naturaleza. Se ha estructurado en función del analito diana, que 

pueden ser las nanopartículas o derivados de las mismas. Aunque no se ha 
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incluido en esta Memoria, más información sobre las técnicas electroforéticas y 

dielectroforéticas utilizadas para el análisis de nanomateriales puede 

encontrarse en el capítulo de libro de la referencia [1].
1
  

El capítulo 9 presenta una metodología para la separación y preconcentración 

de nanopartículas de oro y plata cubiertas con citrato mediante electroforesis 

capilar, en base a la interacción selectiva con compuestos tiólicos añadidos 

como aditivos al buffer electroforético. Las nanopartículas de oro y plata se 

sintetizaron con similar tamaño, ambas rodeadas por ligandos citrato, por lo 

que mostraron el mismo tiempo de migración cuando no se añadieron aditivos 

al buffer acuoso. Para aumentar el tiempo de interacción de las nanopartículas 

con el buffer, y favorecer así su funcionalización, se utilizó la modalidad 

electroforética de preconcentración con un gran volumen de muestra “large 

volumen sample stacking (LVSS)” obteniéndose una mejor sensibilidad y 

separación.  
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Electrophoretic methods for the analysis of nanoparticles 

A. I. López-Lorente, B. M. Simonet, M. Valcárcel 

Department of Analytical Chemistry, University of Córdoba. 14071 Córdoba, Spain. 

 

 

With the development of nanotechnology, there is a need for methodologies to 

determine and characterize nanomaterials. Electrophoresis has emerged as a 

useful tool, which has been employed in various formats (e.g., capillary-zone 

electrophoresis, gel electrophoresis or isotachophoresis) for the size- or shape-

based separation of different types of nanoparticles (NPs) (e.g., metallic, semi-

metallic or carbon). This article reviews the main progress in electrophoresis 

techniques in order to achieve separation of NPs. 

 

 

 

Keywords: Capillary-zone electrophoresis; Carbon nanoparticle; Electrophoresis; 

Gel electrophoresis; Isotachophoresis; Metallic nanoparticle; Nanomaterial; 

Nanoparticle; Semi-metallic nanoparticle; Separation 
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1. Introduction 

Nanotechnology is a growing area that attracts much attention due to the 

excellent properties of nanomaterials. Thanks to their potential, nanoparticles 

(NPs) – which are said to be particles that have at least one dimension in the 

nanoscale (1–100 nm) – attract widespread attention in many scientific fields. 

The sizes and the shapes of NPs are important factors that determine their 

physical and chemical properties. The difficulty in generating the desired size, 

shape, and monodispersity of NPs creates the need for new, refined techniques 

for synthesizing them. Synthesis of NPs is an active area of research, increasing 

their uses, with the potential for great advances in everyday life due to 

nanotechnology. 

In addition, new tools are required for characterizing NPs [1]. Electron 

microscopy is one of the tools employed most in characterizing the size 

distribution of NPs. Transmission electron microscopy (TEM) suffers from the 

drawback of needing a lot of time for each analysis in order to assure sample 

representativeness. And, one of the most important shortcomings to be 

resolved in sample preparation is the aggregation of the NPs, which makes it 

difficult to analyze individual NPs. Moreover, there is statistical uncertainty 

because of the human subjectivity implied when deciding which parts of the 

grid are photographed. 

To separate free from functionalized NPs, the use of size-exclusion 

chromatography (SEC) has been proposed. SEC has the advantages of being 

faster or coupling to optical spectroscopy, but there may be irreversible 

adsorption onto the stationary phase in some cases. 

High-performance liquid chromatography (HPLC) have been also used in 

combination with TEM, although the resolution is not high enough [2]. 
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For these reasons, from the diverse techniques employed for NP 

characterization, capillary electrophoresis (CE) has emerged as useful, potentially 

faster than electron microscopy, with fewer surface effects than in other 

techniques (e.g., SEC). Another advantage of CE is low consumption of sample 

and reagents. 

CE has been used to separate a variety of differently sized materials, including 

inorganic oxide [3], latex [4], polystyrene [5], gold [6] and silver [7] NPs, carbon 

nanotubes (CNTs) [8], quantum dots (QDs) [9], etc. Capillary-zone 

electrophoresis (CZE) is easily applicable for the investigation of NPs due to 

their surface charges, which form electrical double layers, so their separation 

behavior is similar to that of charged molecular species in CZE. In other 

circumstances, when the electrical double layer is not enough to stabilize the 

NPs in the electrophoretic system, covalent functionalization is required. This 

strategy is useful if the covalent bond does not affect to the core of the NP. 

Gel electrophoresis has been extensively used in separating biological targets 

(e.g., DNA and proteins) with a remarkable resolution. This tool has gained 

exposure since it was employed for separation of nanomaterials [10] and [11]. 

However, several reasons may hinder use of polyacrylamide gel in preparative 

electrophoresis (e.g., pore size, which is typically ∼3–5 nm or the heterogeneity 

in pore sizes). Preparative electrophoresis using agarose gels of ∼100-nm pore 

size has proved to separate gold NPs (AuNPs) based on size and shape. 

Isoelectric focusing (IEF) is commonly employed to determine the isoelectric 

point of proteins and enzymes. Proteins move under the influence of an electric 

field in a pH gradient and come to rest at the isoelectric point. Colloid metal 

and semiconductor particles of different sizes derivatized with carboxylic groups 

can be rapidly separated from their mixtures in a home-made miniscale IEF 

unit [12]. The method is fast, inexpensive and highly sensitive. It shows potential 
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for future modification and development in improving the monodispersity of 

colloidal particles. 

This article is a general overview on determination and analysis of NPs by CE, 

focusing on the different strategies carried out in order to facilitate the 

determination of NPs of different sorts. Recently, several overviews have given 

theoretical descriptions of the physical mechanism involved in the 

electrophoretic transport of NPs and colloids [13], [14], [15] and [16]. We have 

structured the article according to the target analyte, which may be the NP itself 

or a derivative of the NP. To improve electrophoretic resolution, there have 

been different approaches (e.g., functionalization of NPs, and use of gels or 

surfactants). In order to present a systematic view of strategies for solubilization 

and methodologies used to enhance resolution, this overview has been 

classified according to the nature of the NP. To be resolved by CE, NPs must be 

soluble, charged and stable in the background electrolyte (BGE) under the 

electrophoretic conditions. 

2. Separation of nanoparticles by capillary electrophoresis 

In this section, we describe the electrophoretic methodologies developed for 

the separation of NPs originally uncharged. Although strategies used to 

solubilize and separate NPs are similar, in our opinion, a classification according 

to the nature of the NP helps readers to have a general overview of the 

strategies, which can involve the solubilization, the detection or the 

electrophoretic separation. 

2.1. Noble-metal nanoparticles 

Metallic NPs (MNPs) display fascinating properties quite different from those of 

individual atoms, surfaces or bulk materials. For example, AuNPs have a 

characteristic red color, while silver nanospheres are yellow. This color is due to 
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the collective oscillation of the electrons in the conduction band, known as the 

surface-plasmon oscillation, whose frequency is usually in the visible region for 

gold and silver, giving rise to the strong surface-plasmon resonance (SPR) 

absorption. This property allows the determination of these NPs with UV/Vis 

detection. In this way, we need to take into account that characteristic 

absorption spectra are susceptible to be changed by the interaction of NPs with 

ligands. It means that the components of the BGE can change the color of the 

NPs. The change is normally a decrease of absorption. As a result, the UV/Vis 

detector has low sensitivity. 

To be separated, MNPs must present a stable charge in the electrophoretic 

system. The charge can be the result of a colloidal stabilization with a ligand or 

the introduction of charged organic groups (e.g., through formation of thiol 

derivatives). AuNPs are normally synthesized by reduction of gold with citrate. 

As a result, a colloidal AuNP is obtained that arises from the sorption of citrate 

ions onto the NP surface during the preparation process that leads to the 

formation of an electric double layer, whose potential stabilizes NPs, preventing 

agglomeration and avoiding adsorptive interactions with the capillary wall when 

it is negatively charged. 

Schnabel et al. [6] characterized colloidal AuNPs according to size by CZE using 

acetate buffer at pH 5.0 without any sieving additive. As they observed relatively 

broad peaks caused by the dispersion of the samples, a marker was introduced 

in order to simultaneously measure the electroosmotic flow (EOF) mobility and 

reduce possible bias of the colloid particle mobility data. They found a reduction 

of the ionic mobilities with decreasing ionic strength due to the increase of the 

thickness of the double layer affecting smaller particles more. Although the 

dependence on particle radius is complex, they demonstrated that 

electrophoretic properties can serve as a measure for size-based 

characterization. 
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Another strategy involves chemical functionalization of the MNPs. This can be a 

covalent bound or a hydrophobic interaction (e.g., with surfactant). For example, 

separation of MNPs by incorporating carboxylic groups was proposed using 

self-assembled bifunctional surfactant molecules. In this way, Gole et al. [12] 

developed a method for isolating MNPs (gold and silver) according to size by 

using a miniscale IEF technique. The pH at which the ionization of carboxylic 

groups begins is a strong function of the surface curvature of the colloidal 

particles, and, because it critically affects the number of surfactant molecules 

surrounding the NP, this property can be used to separate mixtures of colloidal 

particles according to their sizes. 

Surfactants have been widely employed as stabilizers for the size-selective 

preparation of MNPs, since they prevent agglomeration by electrostatic 

repulsion. Hence, the use of NPs stabilized by ionic surfactants may be more 

feasible for separation by CE. In this sense, Liu et al. [2] demonstrated that 

adding sodium dodecyl sulfate (SDS) surfactant to the running buffer enhances 

the capability of CE to separate AuNPs. Increasing the SDS concentration 

increases the electrophoretic mobility of AuNPs, as there is an increase in the 

total charges of all the NPs because there are more SDS molecules available for 

adsorption. The interaction between the hydrophobic tail of SDS and the gold 

surfaces causes the adsorption of SDS onto the surface of the NPs in the CE 

capillary, which results in an exchange from citrate to SDS of the stabilizing 

reagent of the AuNPs. The charge of the NPs will, therefore, relate to the 

number of molecules of SDS on the surface (change in the charge-to-size ratio), 

although, once a certain SDS concentration is reached, the amount of charge on 

a NP is no longer limited by the SDS ions present in the media. Fig. 1 shows an 

electropherogram of the separation of AuNPs of different sizes following the 

proposed procedure, which includes SDS in the electrophoretic buffer. It is 

important to remark that the SDS molecules form a stable complex with the NP, 

so acting as ligands, and the new species of NP-SDS molecules are separated 
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according to their m/z ratio. This separation is then a CZE separation and not a 

micellar electrokinetic chromatography (MEKC) separation. To be considered an 

MEKC separation, kinetic equilibrium between NP and micelle is necessary. 

 

 

Figure 1. Electropherogram of the separation of differently-sized AuNPs. SDS, 70 mM; 

CAPS, 10 mM; pH 10.0; applied voltage, 20 kV. (A) 5.3 nm and (B) 19 nm (Reproduced 

from [2] with permission). 

 

The proposed electrophoretic conditions for characterization of AuNPs [2] were 

SDS (70 mM) and 3-cyclohexylamino-1-propanesulfonic acid (CAPS; 10 mM) at 

pH 10.0 as BGE and an applied voltage of 20 kV. With slight changes in the 

electrophoretic conditions (pH 11.0 and voltage of 18 kV) [17], the authors also 

analyzed the size distribution of AuNPs while simultaneously obtaining physical 

properties (e.g., absorbance). They found that AuNPs with different diameters 
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have different migration times, and suggested a linear relationship between 

electrophoretic mobility and the radius of AuNPs, assuming the number of SDS 

molecules associated with an AuNPs is proportional to its surface area. 

The same group recently developed a high-efficiency CE method for 

characterizing the sizes of AuNPs [18] using the reversed-electrode polarity-

stacking mode (REPSM) of CE for on-line enhancement of detection and 

separation of AuNPs. Buffer and voltage were the same as in previous articles 

but, by using REPSM for sample concentration, the sensitivity toward the AuNPs 

improved by up to 260-fold. They optimized the length of time for which the 

REPSM was applied, the concentration of the buffer and the SDS and the pH for 

detection of AuNPs and Au/Ag core/shell NPs. With optimized on-line 

enhancement conditions, the limits of detection (LODs) of the AuNPs and Au/Ag 

NPs increased 30-fold and 140-fold, respectively [19]. They also employed CE to 

analyze the sizes of AuNPs fabricated through seed-assisted growth [20]. For 

that study, they did not employ REPSM in order to provide an adequate 

separation window because of the increase in the sample-plug length. 

Furthermore, it was demonstrated that introducing sodium 

dihydrogenphosphate as salt additive in the AuNP sample changed the 

retention times and separation resolution of the analytes [21]. Although the 

authors stated that separation takes place by MEKC, we think that there is no 

partition of the NP into the micelle, and the surfactant interacts with the NP 

surface providing it with charge. A similar method was employed to characterize 

the size of Au/Ag core/shell NPs [22]. 

Another strategy is functionalization of AuNPs with thiol derivatives. An effective 

CE technique for separating samples of negatively charged, polydisperse, water-

soluble gold monolayer-protected cluster (AuMPC) protected by monolayers 

of N-acetyl-L-cysteine was developed by Lo et al. [23]. The separation 

mechanisms of the AuMPC in CZE suggest that the larger core sizes of AuMPC 
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emerge first from the capillary. The electrophoretic separation depends on pH, 

buffer concentration and organic modifiers. The addition of aliphatic alcohols to 

the run buffer can improve the separation of AuMPC by reducing the EOF and 

changing the selectivity between the AuMPCs. The enhancement of resolution is 

attributed to the more significant difference in the charge-to-size ratio between 

the AuMPCs. In order to resolve the polydisperse AuMPCs completely, organic 

modifiers are recommended in the run buffer so that the differences in ri/zi 

between the AuMPCs are further enhanced. Different organic modifiers show 

different effects, and ethanol was found to be the best organic modifier to 

separate the polydisperse AuMPC product. In this case, the earlier-migrating 

peaks are larger-core AuMPCs and the later-migrating peaks are smaller. 

A different approach is functionalization of AuNPs with mercaptoacetic acids, 

which have been separated by isotachophoresis CZE [24]. The citrate-ligated 

AuNPs were not suitable for this application, because the ligand was desorbed, 

and the NP solutions were degraded, so mercaptocarboxylic acids were used, 

because the chemisorption of thiols on the gold surface improves stability. 

Isotachophoresis was also employed for calibration-free determination of the 

concentration of charged colloidal NPs [25]. 

Gel electrophoresis has succeeded in characterizing NPs, although, in most 

cases, they were previously derivatized. For example, Arnaud et 

al. [26] employed an IEF technique in a polyacrylamide pH gradient gel to 

analyze the size distribution of AuNPs functionalized with mercaptosuccinic 

acid. The isoelectric point of the NPs is shown to be size dependent, allowing 

fractionation by electrophoresis. The possibility to change the surface charge of 

the NPs by changing the number density of thiol molecules at the surface of the 

AuNPs allows a net separation of the particles depending on their size. 

Compared to other techniques of fractionation (e.g., SEC used for the separation 

of AuNPs), the IEF technique provides better size distribution, reaching a 
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standard deviation of about 6% for a colloidal dispersion with an average size of 

4.9 nm. 

Furthermore, Xu et al. [10] employed agarose gel preparative electrophoresis to 

separate AuNPs based on size, shape, and charge. The ability to separate AuNPs 

by shape was also shown by purifying a mixture of gold spheres, plates, and 

long rods. In order to introduce charges to NP surfaces, 11-

mercaptoundecanoic acid was employed as capping agent. The introduction of 

carboxylate groups gives negative charges and NPs migrate to the anodic 

electrode at the same time, and that improves the stability of NPs through 

electrostatic repulsion. 

Hanauer et al. [11] demonstrated separation of AuNPs and silver NPs (AgNPs) 

according to their size and shape by agarose gel electrophoresis after coating 

them with a charged polymer layer, polyethylene glycol (PEG), which is 

covalently attached at one end to the metal surface via a thiol group 

(“PEGylation”). The other end of the polymer chain may carry different functional 

groups (e.g., –COOH, –SH, –NH2, or –OCH3), which are exploited for controlling 

the overall particle charge and mobility. They found that an SH-PEG-COOH 

coating gives the best separation of silver nanorods, while using the other 

functional groups or mixing them with –OCH3 in various proportions leads to a 

less-pronounced separation. The separation is monitored optically by plasmon 

resonance of noble-metal particles and confirmed by TEM. 

AgNPs have been also the subject of CE characterization. Liu et al. [7] separated 

AgNPs reduced with citrate, whose concentration has strong influence on NP 

size and morphology. During separation by CE of NPs with different diameters, 

the presence of a high concentration of ions in the running electrolyte may be 

required to tune the charge-to-size parameters of the particles and to optimize 

separation efficiency. It was demonstrated that, as in the case of AuNPs, in 

addition to preventing AgNPs from coagulating during the separation process, 
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the use of ionic surfactants (e.g. SDS) enhances the resolution of the separation 

of the AgNPs by CE, as depicted in Fig. 2. 

 

 

Figure 2. Electropherograms of silver NPs (“1” = 17.0-nm diameter particles; “2” = 49.7-

nm particles) as a function of SDS surfactant concentration. The separation was obtained 

using a running electrolyte of SDS at (A) 0 mM, (B) 20 mM. CE separation conditions: 

10 mM Tris (pH 8.5); applied voltage: 20 kV (Reproduced from [7] with permission). 
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2.2. Quantum dots 

QDs are NPs that exhibit optical properties advantageous to researchers, 

particularly in the field of fluorescence detection. Typically, QDs contain an 

inorganic, fluorescent central core surrounded by an outer shell designed for 

core protection from chemical and photo-oxidation. Semiconductor QDs, 

comprising a few thousand atoms, are typically in the size range 1–10 nm in 

diameter, which makes their properties different from those of bulk crystals or 

single atoms. The outer shell of QDs serves to eliminate non-radiative pathways, 

increasing photo-emission, and providing a means to attach ligands giving the 

QDs specific properties for solubility and intermolecular interaction. 

Characterization of QDs and bioconjugates has mostly been performed using 

UV/fluorescence spectroscopy, microscopy [scanning electron microscopy (SEM) 

or TEM] and slab-gel electrophoresis techniques. Reports have shown that the 

optical and chemical properties of QDs are influenced by pH, solvent polarity, 

electrostatic interactions, presence of divalent cations, ionic strength, and the 

application of various coating or ligand cappings. 

Song et al. [9] presented a new method for highly efficient size separation of 

water-soluble CdTe QDs based on capillary gel electrophoresis (CGE) using a 

polymer solution as sieving medium to overcome the limitation of CZE when 

differentiating QDs with tiny differences in size. QDs were synthesized using 3-

mercaptopropionic acid, which covers their surface and stabilizes the colloidal 

solution of QDs. The solution was alkaline, so CdTe QDs possessed negative 

charges due to dissociation of carboxylic groups on their surface and migrated 

to the anode in the electric field. 

In linear polyacrylamide sieving medium, the migration time of QDs increased 

with their size and was found to depend on the pH. As it is shown in Fig. 3, Song 

et al. [9] proved that CGE is an efficient tool for characterization and size-
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dependent separation of water-soluble NPs. Compared to other separation 

methods (e.g., HPLC or CZE), CGE is characterized by high resolution, speed, 

automation, and small sample and reagent requirements. CGE is also used to 

purify crude QDs with polydispersity for special applications (e.g., nanodevices) 

and it may be extended to other water-soluble NPs. 

 

 

Figure 3. Electropherograms of quantum dots (QDs) using different polymer solutions as 

sieving media. Sample was CdTe QD with 1.9-nm diameter. Three sieving media, 2% PVP, 

5% PAA, and 0.2% HPMC, were used. Coated capillary with 30-cm effective (40 cm total) 

length and 75-μm ID. Running buffer, 2xTB (pH 8.8), was used. Applied voltage was 

−16 kV, and electrokinetic injection at −10 kV for 10 s was used. Detection wavelength 

was 250 nm. The inset shows the surface structure of CdTe QD (Adapted from [9] with 

permission). 
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Commercially available QDs were characterized by Pereira et al. [27] using CE. 

Sodium mercaptopropionate CdTe/CdS QDs and carboxylic acid CdSe/ZnS QDs 

yielded high separation efficiencies when using sodium phosphate (5–25 mM, 

pH 7.5–11) as buffer electrolyte. 

Recently, our group proposed a method based on formation of a double 

surfactant layer. First, QDs are covered with trioctylphosphine 

oxide/trioctylphosphine (TOPO/TOP) surfactant and afterwards with SDS 

molecules. The complex obtained is separated by CZE. The results demonstrated 

a relationship between diameter size of QDs and migration time. Distribution 

size was related to the bandwidth of the electrophoretic peak. 

2.3. Carbon nanotubes 

Much progress has been made in CNT production methods, which include DC 

arc, laser ablation, and catalytic gas-phase growth. These methods typically 

produce 50–95% yields of nanotubes, with the mass balance comprising 

amorphous carbon, graphitic material and fullerenes. Nanotubes may vary in 

length, diameter and chirality. Many of their interesting properties depend on 

these structural parameters. Among other purification techniques [e.g., solvent 

treatment followed by ultrafiltration, flocculation, use of oxidation and acid 

washing coupled with centrifugation, SEC or field-flow fractionation (FFF)], 

electrophoretic methods have shown potential for purification of nanotubes by 

size. The rapid, high-resolution separations available with CE have the potential 

to separate a nanotube sample into discrete fractions of uniformly-sized tubes. 

In the case of CNTs, electrophoretic methods have been employed mainly as a 

purification tool, due to the great interest in obtaining samples with CNTs of the 

same electric properties (metallic or semiconductor) or chirality, in order to be 

used in many applications in which performance strongly depends on CNT 
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purity. Dielectrophoresis has been widely employed for separation of these NPs, 

based on their electronic properties. 

As well as in the case of AuNPs, surfactants have been employed in the 

electrophoretic separation of single-walled CNTs (SWCNTs) suspended in SDS 

slightly above the critical micelle concentration [28]. The hydrophobic SDS tails 

are expected to specifically interact with the SWCNT surface, providing it with a 

negative charge. The resultant electrostatic repulsion between SWCNTs 

stabilizes them against van der Waals attraction. The right dispersion of 

SWCNTs with surfactant is the key point for their reliable separation by CE. 

SWCNTs have a high tendency to aggregate, so reliable dispersion of SWCNTs 

needs auxiliary energy (e.g., ultrasound irradiation). However, intensive 

ultrasound irradiation can result in the chemical modification of SWCNTs. 

Although surfactants are involved in the separation, as there is no partition of a 

neutral solute into the micelle, it cannot be considered as MEKC. The authors 

employed CE with absorbance and Raman detection, and fractions collected 

were analyzed by atomic force microscopy (AFM). Electropherograms showed 

sharp peaks attributed to nanotube fractions, since characteristic Raman bands 

of SWCNTs were observed, confirming the identification. CE proved to be 

suitable for separation of SWCNTs into discrete fractions according to tube 

length and for removal of non-nanotube material. Diameter-dependent mobility 

may hold some potential for separations of chiral tubes from those with 

armchair or zigzag configuration. 

Moreover, a CE methodology was performed on polymer-stabilized bundles and 

SDS suspensions of high-pressure carbon monoxide-produced SWCNTs [29]. 

Detection was performed by Raman spectroscopy, by using the radial breathing 

mode (RBM) bands, which are the most sensitive to SWCNT diameter. CE was 

performed on samples containing a broad distribution of SWCNT diameters, 

and Raman allowed observation of composition-dependent changes in SWCNT 
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fractions over the course of the separation. CE was capable of separating 

poly(vinylpyrrolidone)-stabilized SWCNT bundles into fractions containing 

bundles of different electronic properties, which may also depend on variations 

in bundle size. CE on SDS suspensions can separate large aggregates from 

smaller bundles and produce a relatively pure fraction of individual isolated 

SWCNTs. 

Isolating metallic single-walled NTs (SWNTs) from a suspension of metallic and 

semi-metallic SWNTs is really interesting since, for many electronic applications, 

there is a need of homogeneity in the electronic properties of CNTs. Krupke et 

al. [8] developed a method using alternating current dielectrophoresis, which 

takes advantage of the difference of the relative dielectric constants of the two 

species with respect to the solvent, resulting in an opposite movement of 

metallic and semiconducting tubes along the electric field gradient. Metallic 

tubes are attracted toward a microelectrode array, leaving semiconducting 

tubes in the solvent. They reported that the interaction between SWNTs and the 

surfactant induces a nanotube surface conductance that gives rise to a unique 

dependence of the nanotube dielectrophoresis on the frequency of the electric 

field [30]. 

Other work focusing on the dielectrophoretic properties of SWNTs has mostly 

concentrated on using this technique to align nanotubes [31] and [32], to 

position them specifically [33] or to remove impurities [34]. Lutz et 

al. [35] demonstrated that it is possible to work with a macroscopic cell to 

perform dielectrophoresis of SWNTs, so that a commercial use of the process 

becomes conceivable. In addition, Peng et al. [36] reported type separation and 

diameter enrichment of semiconducting SWNTs with dielectrophoresis-FFF 

(DEP-FFF). The fractions could be collected for further analysis or application. In-

solution, band-gap fluorescence was used to study the correlation between the 

band gap of semiconducting SWNTs and retention time in the DEP system. 
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Enrichment was observed of semiconducting SWNTs with various diameters and 

band gaps. Hong et al. [37] also achieved complete separation between metallic 

and semiconducting species at the electric-field frequency of 10 MHz only when 

the surface charge of nanotubes was neutralized. 

Metallic SWNTs has been functionalized with p-hydroxybenzene diazonium 

salt [38] at 45°C with high selectivity. Deprotonation in alkaline solution 

induces a negative charge on the functionalized SWNT for electrophoretic 

separation. This concept was applied to enrich metallic and semiconducting 

fractions separately using the induced differences in electrophoretic mobilities. 

Free-solution electrophoresis was utilized to separate selectively reacted 

samples into immobile and negative electrophoretic mobility fractions. Raman 

spectroscopy and ultraviolet-visible-near-infrared (UV-vis-NIR) absorption 

spectroscopy confirmed both separation of reacted and unreacted SWNTs and, 

after annealing, enrichment of metallic and semiconducting SWNTs in two 

distinct fractions. 

Suárez et al. [39] used CE to analyze dispersions of CNTs as SDS surfactant-

coated species (Fig. 3). The addition of small amounts of hydroxypropyl methyl 

cellulose (HPMC) together with the surfactant, SDS, was found critical to achieve 

reproducible dispersion of nanotubes and to obtain a homogeneous, stable 

sample solution. Different from other works, these authors proposed separation 

of the sample using a gel and a BGE without surfactant molecules. The 

proposed BGE comprised a polymer, 0.025% (w/v) HPMC solution, prepared in 

5 mM ammonium acetate at pH 8.03. This procedure was effective in detecting 

small differences in the physico-chemical surface properties of the nanotubes. 

The same group [40] performed separation of previously solubilized SWNTs, in 

this case with the aid of ionic liquids and ultrasound assisted, by using a 50 mM 

formic acid solution at pH 2.0 as BGE and a potential of −10 kV. Under these 

conditions, separation was completed within only 4 min. As it can be seen in Fig. 
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4, in the analysis of commercial SWNT bundles, 18 peaks were identified. The 

two types of bundles studied exhibited distinct, highly characteristic 

electrophoretic profiles that could be used to control SWNT purity (Fig. 4). 

 

 

Figure 4. Electropherograms used to analyze commercial bundles of single-walled 

nanotubes (SWNTs) for quality and purity by using the recommended operating 

conditions. The size distribution was as follows: (A) diameters of 1.2–1.5 nm and (B) 

lengths of 2–20 μm. Electropherogram corresponding to the separation of SWNT-2 

dispersed in SDS and without prior dispersion in the ionic liquid (Reproduced 

from [40] with permission). 
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Finally, Baker et al. [41] studied the influence of buffer composition on the 

separation of the mixture of negatively-charged carbon NPs (as a consequence 

of oxidative treatment) by varying buffer selection, pH and concentration. Their 

carbonaceous material was collected from the incomplete combustion of 

paraffin oil in a flame. Buffers employed were glycine, NaHCO3, KHCO3 or 

sodium phosphate. The electrophoretic pattern was affected by both co-ion and 

counter-ion in the buffer solution, influencing selectivity and peak shape. The 

mobility of selected species in the mixture of NPs showed strong dependence 

upon the ionic strength of the solution. 

Over the past few years, several studies showed that fullerene derivatives can be 

used as biologically-active compounds in medicinal chemistry. Tamisier-Karolak 

et al. [42] developed an analytical method for measuring amounts of a 

dendro[60]fullerene (DF), which is a highly water-soluble [60]fullerene derivative. 

For that purpose, CZE was employed. Preliminary assays showed that DF has 

almost the same mobility as the EOF, but in the opposite direction. Attempts 

were made to reduce the EOF and positive results were obtained by adding 

hydroxypropylcellulose to the BGE. The optimal conditions in terms of rapid, 

efficient separation were obtained for pH 6 using a 75 mM phosphate buffer, 

although it increased ionic dispersion. Lower pH values were associated with 

unbalanced mobility and less concentrated buffers led to a large increase in 

running times. The EOF decrease was large enough when using 0.075% HP-

cellulose in a phosphate buffer-methanol (70/30 v/v). 

In another study, Chan et al. [43] developed an approach to CE for the analysis 

of two NPs (i.e. carboxyfullerene and dendrofullerene in both standard solutions 

and a serum matrix). These highly soluble, charged C60 derivatives were 

characterized by CZE using bare or dynamically-coated fused-silica capillaries. 

The resolution of both NPs was slightly lower with the coated capillary; however, 

their migration times were faster. While separation of the dendrofullerene NPs 
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using MEKC resulted in a greater number of observable peaks, the peak profile 

of carboxyfullerene was basically unchanged, regardless of whether or not SDS 

micelles were added to the running buffers. Fig. 5 shows the calibration of 

carboxyfullerene in serum using CZE. 

 

 

Figure 5. Calibration of carboxyfullerene (C3) in serum using capillary zone 

electrophoresis. Capillary: 50 mm, 40 cm with dynamic coating; buffer: 40 mM sodium 

phosphate (pH 7.4); voltage: −14 kV. Serum samples were diluted five-fold with SDS 

solution (80 mM final SDS concentration). The C3 concentrations refer to the undiluted 

samples (Reproduced from [43] with permission). 

 

The analysis of fullerenes in CE was also investigated by Treubig et al. [44]. SDS 

was used to solubilize fullerenes C60, C70, and a mixture of C60 and C70 in water. 

The behavior of the solutions of the C60–SDS and C70–SDS complexes was 

examined by CE with on-line UV–Vis diode-array detection. 
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2.4. Other types of nanoparticles 

One of the first attempts in using CE for characterizing particles was performed 

by Jones et al. [45], who separated different latex particles (with different 

numbers of attached carboxylate or sulfate groups). Particles were in the μm–

nm size range and were separated according to numbers and kinds of 

functional groups attached to the particles. They studied the influence of 

capillary inner diameter, finding that a 75-µm column provided an increase in 

resistance and a decrease in current for a constant applied potential and column 

length, which eliminated overheating and boiling problems found in capillaries 

of larger diameter. Reduction of total column length and distance from injection 

to detector also proved crucial to reducing peak width and improving resolution 

between components in the latex mixture. 

For many biotechnology applications of CE, sample introduction by 

electromigration appears to be used more often than hydrodynamic flow. 

However, in this case, the authors employed hydrodynamic sample introduction 

in order to avoid discrimination against sample components due to different net 

charges and sizes of the particles. 

Petersen at al. [46] investigated the effects of capillary temperature control and 

electrophoretic heterogeneity on parameters characterizing separation of 

particles by CZE. They found that maintenance of constant capillary temperature 

by a thermostatted system significantly reduced the large dependence on 

voltage of mobility, selectivity, efficiency and resolution, observed in a non-

thermostatted system. Electrophoretic heterogeneity in the particle samples was 

determined to be the major source of zone broadening on the thermostatted 

system. 

Sub-μm and μm-sized metal-oxide particles (e.g., TiO2, Al2O3, and Fe2O3) have 

also been characterized by CE [47]. The use of different electrolyte solutions 
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(e.g., sodium nitrate) leads to an electrolyte system without specific surface 

adsorption of ions but with essentially only electrostatic interactions between 

electrolyte ions and the surface of metal-oxide particles. The use of unbuffered 

solutions, along with the tendency of metal-oxide particles to form aggregates, 

prohibits accurate determination of electrophoretic mobility, so, using the 

model, there was only general agreement between the predicted 

electrophoretic mobilities and the measured values. 

Furthermore, the effects of phosphate, carbonate, and borate-anion and 

sodium-ion concentration on the electrophoretic mobility of titania, hematite, 

and alumina oxide particles was investigated [48]. All three anion types have 

significant effects on the electrophoretic mobility of each of the oxides, with 

borate anions yielding the highest degree of selectivity between titania and 

alumina. 

Several types of NPs have been studied in order to gain insight into the 

mechanisms of size-dependent separation of NPs and micro-particles in 

electrophoresis {e.g., sulfated polystyrene latex microspheres [49], polystyrene 

nanospheres [5], fluorescently-labeled latex particles [4], iron-oxide NPs [3], 

carboxylate-functionalized silicon NPs [50]} and dielectrophoresis [51]. 

Vanifatova et al. [52] performed size separation of five unmodified polystyrene 

nanosphere standards with diameters of 50–600 nm in phosphate-buffer 

solutions as carrier electrolyte. The electrophoretic mobility increased with 

particle diameter and optical spectra were shown to differ for particles of 

different size. The polymerization process left behind a number of acidic 

functional groups, which, because of their polar character, tended to accumulate 

at the polymer-solution interface. Particles of this kind bear a slightly negative 

surface charge due to ionization of such groups, so they can be separated by 

CZE. Besides, acquisition of additional charge due to ion adsorption from a 

carrier electrolyte is possible for these particles. It was found that migration 
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behavior of polystyrene spheres is mainly determined by their electrophoretic 

properties. 

Selective separation of silica nanospheres, which is a function of separation 

conditions (e.g., pH or phosphate concentration of a carrier electrolyte), has 

been also studied [53], finding a decrease in electro-osmotic mobility with 

increasing phosphate concentration over the whole range studied. This decrease 

occurred only when acidic buffer solutions were used as carrier electrolyte. 

d’Orlyé et al. [54] characterized cationic maghemite NPs with diameters of 6–

10 nm by CE with UV detection. They were dispersed in acidic, citrated or basic 

aqueous media. Particular interest was paid to the investigation of ferrofluids in 

their positively-charged form, since cationic colloids had received little attention 

through experimental difficulties. A strategy for capillary-wall modification was 

chosen in order to prevent particle adsorption while preserving high analytical 

performance. Size-dependent electrophoretic mobility was demonstrated and, 

although there was a very narrow size range, partial separation was obtained 

with selectivity varying as a function of the ionic strength of the electrolyte. 

3. Analysis of bioderivatives of nanoparticles 

In this section, we show some examples of separating derivatives of NPs. The 

difference with some examples described above is that, in this case, 

functionalization is not a strategy to achieve the resolution needed for the 

separation, or a way to introduce charges onto the NPs. The following NPs are 

directly synthesized with functionality, which is exploited, and, in some cases, 

their uses depend on this derivatization. 
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Figure 6. Electrophoretic mobility of 5 nm Au/100b HS-ssDNA conjugates (3% gel). The 

first lane (left to right) corresponds to 5-nm particles (single band). When ∼1 equiv of 

DNA is added to the Au particles second lane), discrete bands appear (namely 0, 1, 2, 3, 

...). When the DNA amount is doubled (third lane), the intensity of the discrete bands 

changes and additional retarded bands appear (4, 5). Because of the discrete character, 

each band can be directly assigned to a unique number of DNA strands per particle 

(Reproduced from [55] with permission). 
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Zanchet et al. [55] demonstrated the electrophoretic isolation of discrete gold 

nanocrystal/DNA conjugates, as can be seen in Fig. 6. By adjusting the DNA:Au 

ratio, they were able to control the average number of DNA strands per particle, 

but there would always be a distribution of oligonucleotides present. Thus, it 

was necessary to have a technique for separation and isolation of conjugates 

that was very sensitive to the number of bound strands. They used Au particles 

of 5 nm and 10 nm mean diameter and alkanethiol-modified single-stranded 

(HS-ss) DNA 18–100 bases long. The conjugates were prepared by adding the 

DNA to the Au colloid and were analyzed in 2–3% agarose gels. 

The success of the electrophoretic isolation of nanocrystal/DNA conjugates 

depends on several factors (e.g., the need for the NP sample to be 

homogeneous in charge and particle-size distribution in order to obtain narrow 

bands). Employing purified conjugates, which gave more control and greater 

understanding of the system, they showed that particle/DNA hybrid properties 

dominated the mobility and that dimers, trimers, and intermediate building 

blocks could be identified in the gel. A drawback was that it was not possible to 

isolate or probe large DNA conjugated NPs structures by gel electrophoresis 

because of the finite pore size of the gel [56]. 

CZE was employed [57] to characterize nm-sized thiolated α-cyclodextrin-

capped AuNPs (α-CD-S-AuNPs). The addition of tetrabutylammonium (Bu4N
+
) 

ions to the run buffer greatly narrowed the migration peak of α-CD-S-AuNP. 

The optimal run buffer was determined to be 10 mM Bu4N
+
 in 30 mM 

phosphate buffer at pH 12 and an applied voltage of 15 kV. Bu4N
+
 was 

successfully employed to narrow the peak width of α-CD-S-AuNP, as it could 

form inclusion complexes with α-CD-S-AuNPs via the hydrophobic cavities of 

the surface-attached thiolated α-CDs, thus inducing their inter-linkage. 

Moreover, functionalized AuNPs with one, two, and three PEG molecules per NP 

have been separated using gel electrophoresis [58]. 
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Further proof of the potential of CE as a characterization tool is in the 

separation of QD bioconjugates for future bio-applications. Huang et 

al. [59] presented a very efficient, sensitive method for characterizing QD 

bioconjugates based on CE with laser-induced fluorescent (LIF) detection. They 

prepared CdTe QDs in aqueous phase by a chemical route with 

mercaptopropionic acid as ligand, and then coupled them to proteins using a 

bifunctional linkage reagent or electrostatic attraction. These bioconjugates 

were analyzed by CE with LIF detection, and they were efficiently separated from 

free QDs by optimizing the buffer pH. 

Vicente et al. [60] also employed CE with LIF detection to separate different 

bioconjugated CdSe/ZnS QDs. The QD nanocrystals studied were conjugated to 

the biomolecules (i.e. streptavidin, biotin, and immunoglobulin G). The 

bioconjugated QDs showed different electrophoretic mobilities, which appeared 

to depend upon the biomolecule that was attached to the QD and the buffer 

solution used. The use of a polymeric additive in the CE run buffer improved the 

resolution of the bioconjugates. The use of QDs with different emission 

properties allowed selective monitoring of two different wavelengths while 

using one single excitation source. This allowed the monitoring of overlapping 

peaks in the electropherogram when newly-formed products resulting from the 

interaction of the two bioconjugated QDs appeared. 

In addition, d’Orlyé et al. [61] studied the charge-based separation of cationic 

bifunctional maghemite/silica core-shell NPs. The inner wall of a silica capillary 

was modified so as to obtain a positive surface charge and thus allow the CE 

characterization of cationic particle populations. Eight amino/polyethylene 

glycol (PEG)-functionalized core/shell particle populations were synthesized, 

homogeneous in size, but differing in their surface-charge density according to 

the molar ratio between the two silane derivatization agents. Particle-size 
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distribution was calculated theoretically by Pyell [62] directly from 

dielectrophoresis data. 

Vetcher et al. [63] showed that aqueous dispersions of SWCNTs, prepared with 

the aid of nucleic acids (NAs) (e.g., RNA or DNA), can be separated into fractions 

using agarose gel electrophoresis. In a discharge electric field, SWCNT/NA 

complexes migrated in the gel in the direction of positive potential to form well-

defined bands. Raman spectroscopy as a function of band position showed that 

SWCNTs having different spectroscopic properties possessed different 

electrophoretic mobilities. The migration patterns for SWCNT/RNA and 

SWCNT/DNA complexes differed. Parallel elution of the SWCNT/NA complexes 

from the gel during electrophoresis and subsequent characterization by AFM 

revealed differences in SWCNT diameter, length and curvature. 

4. Applications of capillary-electrophoresis separation of nanoparticles 

As stated above, electrophoresis is a powerful tool for characterizing NPs in size, 

shape or charge. The electrophoretic separation of NPs involves formation of a 

charged derivative. The migration time will be affected by the chemical nature 

of the NP because the number of ligand molecules attached to the NP surface 

will be a function of the chemical bond established between the NP and the 

ligand but also of the dimensions of the NP. However, the velocity that NPs 

achieve in the electrophoretic system will depend of their m/z ratio but also on 

their hydrodynamic size due to the friction or Stokes forces established in the 

capillary. We would point out that non-symmetric NPs (e.g., CNTs) can be 

oriented in the capillary thanks to the interaction of the electrical field with the 

dipolar moment or electronic configuration of the NP. The orientation critically 

affects the friction forces experienced by the NP. In conclusion, migration time 

will be affected by: size and shape of the NP, chemical nature of the NP, 

electronic configuration of the NP, and the ligand or stabilizers added to the 

medium. Although it is difficult to relate a priori the migration time to the 
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properties and the characteristics of NPs, we describe below selected examples 

of applications. 

In the case of MNPs, which have been used in catalysis, their catalytic activity 

depends on their shape and size, since they dramatically affect their physical 

and chemical properties, so there is interest in determining the size of MNPs, 

but also in separating fractions of homogeneously-sized MNPs [2]. 

The vast potential of colloidal nanocrystals conjugated with DNA as probes for 

biological diagnostics has been reported. However, in order to exploit them, it is 

necessary to control the number of oligonucleotides attached to each 

nanocrystal, which can be investigated by CE due to the shift in the 

electrophoretic mobility of NPs as a consequence of DNA binding [55]. The 

conformation and the packing of the DNA can influence the accessibility of the 

oligonucleotides for hybridization. Electrophoretic mobility of gold nanocrystals 

with attached nucleotides can be determined by gel electrophoresis, and the 

diameter of the conjugates determined depends on the conformation giving 

information about the nature of the attachment [64]. Moreover, DNA-DNA-

hybridization reactions on silica functionalized with oligonucleotides are found 

to affect the amplitude and the direction of the dielectrophoretic mobility of the 

particles at nanomolar target ssDNA concentrations, which can be used for the 

detection of the hybridization event [65]. 

CE also allowed determination of the conjugation efficiency of antibodies and 

proteins to iron-oxide NPs prior to derivatization of the conjugates with 

naphthalene-2,3-dicarboxaldehyde reagent and detected by LIF [66]. As the CE-

LIF technique requires negligible amounts of sample, it is suitable for controlling 

the functionalization of these NPs before use in diagnosis. 
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This technique can be also employed to verify the fractionation efficiency of 

other methodologies developed (e.g., electrolyte-induced fractionation of gold 

nanoclusters) [67]. 

The increasing use of NPs in industrial applications will inevitably lead to the 

release of such materials into the environment. Accurately assessing the 

environmental risks posed by NPs requires effective quantitative analytical 

methods to determine their mobility, reactivity, ecotoxicity and persistence, 

many of which have still to be developed [68]. In this sense, a method based on 

the preconcentration of carboxylated SWCNTs (c-SWNTs), by using a filter 

modified with multi-walled CNTs (MWCNTs), and their further electrophoretic 

analysis was developed in order to determine them in environmental water 

samples [69]. Electrophoretic separation of c-SWCNTs was accomplished using a 

50 mM ammonium acetate solution at pH 7.5 as a BGE and a potential of 15 kV. 

5. Detection 

The most common detection techniques in CE used with NPs are UV/Vis and 

fluorescence spectroscopy. However, inductively coupled plasma with mass 

spectrometry (ICP-MS), Raman spectroscopy or near-infrared (NIR)-fluorescence 

are promising options. ICP-MS is useful for detection of metal, semiconducting 

and oxide-derivative NPs, and the Raman and NIR-fluorescence are valuable for 

the characterization of carbon NPs (e.g., CNTs). 

The plasmon-resonance absorption of noble-metal NPs has absorption 

coefficient orders of magnitude greater than strongly absorbing dyes. 

Anisotropic shapes have plasmon-resonance absorptions that are even greater, 

leading to increased detection sensitivity. MNPs generate enhanced 

electromagnetic fields that affect the local environment. The field is determined 

by the geometry of the MNP and can enhance the fluorescence of the metal 

itself, the Raman signal of a molecule on the surface, and the scattering of light. 
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The free electrons in the metal (d electrons in silver and gold) are free to travel 

through the material. The mean free path in gold and silver is ∼50 nm, so, in 

particles smaller than this, no scattering is expected from the bulk. Thus, all 

interactions are expected to be with the surface. When the wavelength of light is 

much greater than the size of the NP, it can set up standing resonance 

conditions. Light in resonance with the surface-plasmon oscillation causes the 

free electrons in the metal to oscillate. As the wave-front of the light passes, the 

electron density in the particle is polarized to one surface and oscillates in 

resonance with the light frequency, causing a standing oscillation. When the 

shape or the size of the NP changes, the surface geometry changes, causing a 

shift in the electric-field density on the surface. This causes a change in the 

oscillation frequency of the electrons, generating different cross-sections for the 

optical properties, including absorption and scattering [70]. The most useful 

detectors for the analysis of this kind of NPs are therefore UV/Vis detectors, 

which are limited by the small pathlength of the capillary. An alternative of 

higher sensitivity should be ICP-MS but the performance of coupling between 

CE and ICP-MS is still not well developed due to the small amount of sample 

introduced into the capillary and the low flow rate of the electrophoretic 

separation. In order to maintain electrophoretic resolution, it is necessary to 

develop a plasma with a small lead volume and equipment with high-speed 

measurement. 

QDs are highly fluorescent NPs characterized by having a symmetric, narrow 

bandwidth of ∼30 nm full width at half maximal fluorescence, which enables 

emission of pure color. Since the spectroscopic properties of QDs are size-

dependent, they are continuously tunable in the preparation procedures. The 

smaller the QD the more blue-shifted (“hypsochrom”) are absorption and 

emission. QDs are now studied in various fields, including biology, electronics 

and optoelectronics. They are starting to compete with conventional organic 

fluorescent labels and can be directly detected by LIF, while non-fluorescent NPs 
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and their conjugates need to be derivatized in order to acquire fluorescence. 

The combination of LIF with CE is probably the most useful for the 

determination of QDs, because they present broad excitation spectra that make 

it possible to excite all the QDs with the unique wavelength coming from the 

laser source. 

The optical properties of SWCNTs have attracted growing interest since the 

recent observation of near-infrared luminescence from well-separated, 

surfactant-suspended semiconducting SWNTs [71]. All current methods for 

producing SWNTs lead to heterogeneous samples containing mixtures of 

metallic and semiconducting species with a variety of lengths and defects. This 

diversity of SWNT structures complicates precise spectroscopic 

characterization [72]. Photoluminescence studies performed on individual 

SWNTs revealed the single-NT line-width of emission spectra and the presence 

of spectral variations within a given (n,m) type [73]. However, luminescence 

measurements are limited to semiconducting SWNTs.  

By contrast, Raman scattering has been used to study individual semiconducting 

and metallic SWNTs [74], but such experiments remain constrained by the 

weakness of the signal and the need to use near-resonant laser sources. 

Rayleigh scattering has also been studied to record optical spectra from 

individual structure-assigned SWNTs [75]. 

However, Raman spectroscopy is the most widely used technique to study CNTs, 

primarily focused on SWCNTs. Raman scattering from SWCNTs is a resonant 

phenomena that generates an intense, easily measurable signal. Their popularity 

relies on their usefulness to provide information on not only the vibrational 

properties but also the structure and the electronic properties of SWCNTs. The 

most significant spectral features for SWCNTs are the RBM (100–300 cm−1), the 

disorder peak (D peak, ∼1350 cm−1), the tangential mode (G band, 1400–
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1700 cm−1), and the second-order overtone of the D peak (D′, 2500–

2800 cm−1). 

Although there are advantages in the combination of Raman spectroscopy with 

CE, its use is limited because the complexity of the coupling. In addition to a 

special optical system, it is difficult to make compatible the electrophoretic 

mobility of the NPs with the acquisition time required to record the Raman 

spectrum. At-line coupling is the best combination for this purpose. In spite of 

the advantage that different detectors offer in the analysis of NPs, UV/Vis and 

fluorescence detectors are still used most. 

6. Future trends 

CE analysis of NPs will be focused on improvement of the coupling of CE 

systems with detectors (e.g., ICP-MS, Raman spectrometry and NIR 

fluorescence). Another important trend is development of new complexant 

agents that provide charge to NPs and avoid their aggregation without 

modifying their structure. With respect to the analysis of metallic and semi-

metallic NPs, the development of fundamental theory, which shows the 

theoretical relation between migration time and size, will be of interest for the 

rapid, direct determination and characterization of NPs. 

Finally, we need to point out the lack of standards. Their development and 

implementation would help to relate the electrophoretic behavior in separation 

of NPs to the characteristics and the properties of NPs. 

In spite of the limitations of electrophoretic methods, their use offers important 

advantages that justify their development. 
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This paper reports an innovative and simple method to separate and 

preconcentrate metallic nanoparticles (NPs) in aqueous medium by capillary 

electrophoresis (CE) accordingly to their nature, based on ligand-exchange 

microreaction. Both gold (AuNPs) and silver NPs (AgNPs) were synthesized with 

same size, shape and shell (citrate) and characterized by microscopic and 

spectroscopic techniques. We have demonstrated the separation of these 

nanoparticles, which show same migration times in capillary electrophoresis, by 

the addition of thiol compounds in the buffer solution capable of interacting 

with NP surface establishing different migration times because of the 

differences on the core-shell charges. “Large-sample volume stacking” 

methodology combined with thiol compounds as additives was also used for 

both preconcentrating and improving the separation of metallic NPs of similar 

size.  

 

Keywords: capillary electrophoresis, gold nanoparticles, silver nanoparticles, 

thiol compounds, ligand-exchange reaction, large-volume sample stacking.  
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1. Introduction 

Metallic nanoparticles possess exceptional properties which have promoted 

their use in many fields, such as biomedical imaging and diagnostic tests [1], 

biological applications [2], catalysis [3], bactericides and for other analytical 

applications owing to their enhanced optical properties such as absorption, 

enhanced Rayleigh scattering or surface-enhanced Raman scattering of 

molecules adsorbed on NP surfaces [4].  

The great social interest aroused by nanotechnology has promoted an intense 

use of metallic NPs in many areas, including consumer products. Such extensive 

uses and their unforeseen hazards give rise to the need of developing new 

methodologies for separation and characterization of such nanoparticles. 

Microscopic techniques are one of the most commonly employed techniques, 

although they suffer from the drawback of being time-consuming in order to 

assure sample representativeness. Dynamic light scattering is a common 

method for the size characterization of nanoparticles [5], although it is difficult 

to infer further physical properties from an ensemble of NPs. Size-exclusion 

chromatography (SEC) has been attempted to size and shape separation of gold 

nanoparticles, obtaining low resolutions [6]. Experimentally, small AuNPs exhibit 

a strong UV absorption feature which decays approximately exponentially into 

the visible, with a superimposed localized surface plasmon resonance (LSPR) 

band at about 520 nm that decreases in intensity and energy with decreasing 

AuNP size [7], which also depends on their shape and attached ligands and has 

been used for their characterization. 

Capillary electrophoresis (CE) has emerged as a useful separation technique, 

owing to the surface charges of colloidal nanoparticles [8, 9]. Nanoparticle 

charges arise from the sorption of citrate onto its surface during the synthesis 

forming an electrical double layer which stabilizes the nanoparticles and prevent 

their agglomeration. Thus, metallic NPs behave in a similar manner to that of 
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charged molecular species, their separation being based on their charge-to-size 

ratio. When the electrical double layer is not enough to stabilize the NPs in the 

electrophoretic system, covalent functionalization or stabilization with the aid of 

surfactants is required.  

CE has been used to separate a variety of differently sized materials, including 

inorganic oxide [10], latex [11], silver and gold NPs [12], carbon nanotubes 

(CNTs) [13], quantum dots (QDs) [14], etc. The dependence of electrophoretic 

mobility of the nanoparticles with their size has been widely studied, CE being 

used as a tool for monitoring the synthesis of NPs [15], characterizing the size of 

synthesized nanoparticles [16, 17] and subsequently employed for the size-

dependent separation of nanoparticles as a consequence of the deformation of 

the electric double layer around the NP, which depends on the size of the 

particles and buffer ionic strength [18]. Most of works regarding the 

electrophoretic separation of gold and silver nanoparticles have been based on 

nanoparticles size or shape separation. However, as far as we are concerned, 

similar sized and shaped gold and silver nanoparticles with the same ligand shell 

have not been separated until now.  

On the other hand, according to the well-established gold-thiol chemistry in the 

formation of self-assembled monolayers (SAMs) [19], ligand exchange reaction 

is a simple and versatile approach for tuning the characteristics of NPs while 

maintains the size and dispersity of the precursor particles, especially in case of 

organic molecules containing thiol groups [20]. A good strategy for 

incorporating more thiolate linkers into the ligand must take into account the 

packing efficiency and stability of surface-modified NPs [21, 22]. When 

covalently functionalized, the extinction maximum of AuNPs with thiol SAMs is 

slightly red shifted as additional ligands bind to the surface. The extinction 

maximum wavelength red shifts as molecular packing density and/or alkanethiol 

chain length increases [23].  



 Bloque IV. Caracterización de nanopartículas 

  
 

348 

This paper reports the separation and in-line preconcentration of citrate-capped 

AgNPs and AuNPs using capillary electrophoresis based on the introduction of 

various thiol derivatives in the buffer solution. The basis of the separation lies in 

the different mobilities found for two analytes (citrate-capped NPs of similar 

size with same mobility) before and after derivatization (functionalized 

nanoparticles) with different thiol additives present in the separation buffer 

rather than differences in nanoparticles size. Typically, microreactions are 

employed close to the start of an isolation procedure to enhance the recovery 

of analytes, to ensure their stability during the isolation process, or to increase 

the selectivity of the method for the target compounds. Furthermore, the 

combination of capillary electrophoresis with multi-wavelength PDA detection 

provides a useful tool for separation and detection of different types of NPs, 

even their aggregation state.  

A drawback of capillary electrophoresis is the low sensibility of UV detection 

systems.  Because of the small dimensions of CE capillaries, only very small 

sample volumes can be loaded. Moreover, the path length in CE is usually 

reduced compared, for example, with liquid chromatography. In order to 

preconcentrate in-line the sample and enable a better interaction of NPs with 

the additive present in electrophoretic buffer, “large-volume sample stacking” 

(LVSS) approach was successfully employed. In this modality, the capillary is 

filled with a high-conductivity buffer, and then, the sample solution is injected 

to a certain length into it and a negative polarity applied. At that point, EOF 

moves towards the inlet while anionic analytes move towards detection end 

stacking at one side of the boundary between the sample zone and BGE. The 

subsequent separation occurs in the normal CE mode [24].  
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2. Materials and methods 

2.1. Apparatus 

Capillary electrophoresis was performed on a Beckman Coulter (Palo Alto, CA, 

USA) P/ACE MDQ instrument equipped with an on-column UV detector and a 

diode array detector (DAD). The instrumental setup was governed, and data 

acquired and processed, by using the software 32 Karat. 

UV-Vis measurements were performed using a halogen lamp as excitation and 

the monochromator and photonic detector of a PTI fluorescence Master system 

as a detector. TEM photographs were carried out with Philips CM-10 electron 

microscope.  

2.2. Reagents  

Tetrachloroauric acid solution (HAuCl4), silver nitrate (>99%), sodium citrate 

dihydrate (99.5%), sodium dodecyl sulfate (SDS, 98%), 3-(cyclohexylamino)-1-

propanesulfonic acid (CAPS, ≥98%), thiomalic acid (TMA, 97%) and sodium 

hydroxide were supplied by Sigma-Aldrich; thioctic acid (TA, ≥98%) was 

purchased from Fluka; methanol (with a purity ≥99.9%) from J.T. Baker; nitric 

acid (≥69%) and sulfuric acid (95-98%) from PANREAC. Ultrapure water used for 

all the experiments was obtained from a Milli-Q system. 

2.3. Synthesis of gold nanoparticles 

Gold nanoparticles were synthesized according to the method proposed by 

Turkevich et al. [25] with some modifications, as described elsewhere [26]. Prior 

use all glass materials were washed with a mixture of nitric acid and 

hydrochloric acid (1:3 v/v). HAuCl4 and sodium citrate solutions were filtered 

through a 0.45 µm nylon membrane. For the synthesis 50 mL of a 0.01% (w/v) 

HAuCl4 solution was heated while being magnetically stirred. After reaching the 
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boiling point, 0.254 mL of a 1% (w/v) of sodium citrate solution was added to 

the solution. The mixture was left stirring for 15 min while boiling. Then, 5 mL of 

0.01% (w/v) HAuCl4 solution and 0.254 mL of a 1% (w/v) of sodium citrate 

solution were added to the mixture and stirred for 15 min. Then, the heater was 

switched off and the system kept stirring until reach room temperature. 10 mL 

of the resulted solution were consequently centrifuged at 2515 g for 10 minutes 

removing the colorless supernatant (from 10 mL to 2 mL of solution). The final 

reddish solution containing gold nanoparticles was stored in an amber bottle at 

4ºC until use. 

2.4. Functionalization of gold nanoparticles with thioctic acid 

Solution of citrated nanoparticles was treated with a large excess of TA (1:3 

Au/thiol) by adding small amounts of TA while changing the pH to 8 to 

redissolve the pinkish suspension. As a normal thiol derivate, chemical 

adsorption to the particle surface through Au-S bonding is expected. When not 

flocculation was observed, the solution was left stirring for 12 hours and purified 

by steps of washing with ultrapure water and ethyl acetate followed by 

centrifugation (14489 g) to remove unbound thioctic acid. The nanoparticles 

remained stable and did not agglomerate in alkaline aqueous solution at room 

temperature over a period of 6 months.  

2.5. Synthesis of silver nanoparticles 

Silver colloid solution was prepared according to Lee and Meisel´s method [27]. 

Silver nitrate (9 mg, 0.053 mmol) was dissolved in 50 mL of ultrapure water and 

brought to boiling point. 5 mL of a 1% w/v sodium citrate solution was then 

added keeping the reaction under stirring and refluxed conditions for 90 

minutes. A greenish yellow suspension was obtained after cooling the reaction 

to ambient temperature. Silver nanoparticles were purified and preconcentrated 
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by centrifugation at 2515 g for 10 minutes. The final solution containing the 

purified silver nanoparticles was stored in an amber bottle at 4ºC.  

2.6. Capillary electrophoresis procedures  

CE separations were accomplished by using a fused-silica capillary 75 μm of 

inner diameter with an effective length between inlet and detector of 50 cm 

(total length of 57 cm). Photometric measurements were made both at 420 and 

539 nm in all cases. Initially, the capillary was sequentially conditioned using 1M 

HCl (5 min), 0.1M NaOH (10 min) and ultrapure water (5 min). Between runs, the 

capillary was sequentially washed with 1M HCl (1 min), 0.1M NaOH (2 min), 

ultrapure water (5 min) and background electrolyte (5 min).  

The initial background electrolyte (BGE) was a mixture of 40 mM sodium 

dodecyl sulfate (SDS) and 10 mM 3-(cyclohexylamino)-1-propanesulfonic acid 

(CAPS) with 0.1% of methanol, adjusted to pH 9.7 using NaOH. All solutions 

were filtered through a 0.45 μm membrane filter before use. Gold and silver 

nanoparticles solution was introduced into the capillary by applying 0.5 psi for 

50 s. Separation was then accomplished using an applied voltage of +20 kV. The 

temperature of the capillary cartridge was set to 25ºC.  

Two buffer additives were evaluated in order to achieve the separation of Au 

and Ag nanoparticles according to their selective interaction with the organic 

molecule according to their nature, as depicted in figure 1. The effect of thioctic 

(TA) and thiomalic acids (TMA) has been evaluated in a range of 0.1-0.4% (w/v) 

present in the buffer solution.  

In order to improve the separation, LVSS electrophoretic modality was 

performed. In this case, the sample was introduced into the capillary by applying 

0.5 psi for 50 s, then, a small plug of buffer is introduced (0.5 psi for 20 s). 

Subsequently, a high negative voltage (-20 kV) was applied for 4 minutes, and 
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finally the polarity is returned to positive. Separation was then accomplished 

using an applied voltage of +20 kV. The temperature of the capillary cartridge 

was set to 25ºC.    

 

Figure 1. (a) Molecular structures of two thiol derivatives employed as buffer additives in 

order to achieve Au and AgNPs separation. (b) Metallic nanoparticle functionalization 

scheme: 1) TA-NPs; 2) TMA-NPs (drawing are not to scale).  

 

3. Results and discussion 

3.1. Characterization of gold and silver nanoparticles 

To verify the formation of NPs and their size and shape, localized surface 

plasmon resonance (LSPR) and TEM images were evaluated. Metallic NPs exhibit 

strong extinction properties in the visible region, which are sensitive to 

variations in the NP shape, size, environment and their state of aggregation. Fig. 
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2a displays the UV–visible absorption spectra of typically spherically shaped Au 

and Ag colloid solutions. The LSPR of AuNPs appears at 537 nm whereas for 

AgNPs is centered at 420 nm. Preliminary studies confirm their stability in water 

and in BGE, and even in pH values ranging from 5-8 due to the not appearance 

of other red-shifted bands. Solutions of citrate-capped gold and silver 

nanoparticles were clear and stable for months. 

 

Figure 2. (a) Ultraviolet-visible spectra of citrated AgNPs (grey) and AuNPs (red). (b) 

Representative TEM images of citrate-capped AgNPs and (c) of AuNPs. (d) Size 

distribution of AgNPs and (e) AuNPs calculated from their corresponding TEM images.  
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Structural analysis of both types of NPs via TEM (figure 2b and c) reveals the 

polygonal almost nearly spherical shape of NPs with diameters of 41±7 nm and 

39±6 nm for Ag and AuNPs, respectively.  

In order to provide a comprehensive understanding of carboxylated SAM 

formation of AuNPs when ligand exchange takes place, functionalized AuNPs 

with a thioctic acid were also prepared by ligand exchange of citrate-AuNPs and 

characterized.  

With regard to functionalized nanoparticles with thioctic acid (TA-AuNPs) in 

ultrapure water solution (Figure S1) the LSPR appears centered at 539 nm, being 

this slight red shifted value a consequence of the relatively higher molecular 

packing density compared with citrate ligand [23, 28]. Although both citrate-

AuNPs and TA-AuNPs are statistically identical in terms of core and size (figure 

S2), both types of NPs reveal diverse stabilities in various pH environments. 

Flocculation of TA-AuNPs were observed when pH value was lower than 7, 

therefore, solutions of TA-AuNPs were stable in alkaline BGE.  

3.2. Electrophoretic mobility studies 

The composition of electrophoretic buffer employed for the CE characterization 

of the nanoparticles was 40 mM of SDS and 10 mM of CAPS, following the 

recommended procedure by Liu et al [29]. The pH of the buffer was alkaline (9.7) 

in order to preserve nanoparticle stability since at lower pH flocculation of 

derivatized NPs was observed. Furthermore, addition of methanol to the 

running buffer was investigated and a significant influence of its content on 

migration time of the metallic NPs was observed, as depicted in Figure 3 for 

example in the case of TA-AuNPs. When increasing the amount of methanol 

added to the BGE, NPs appeared at shorten migration times. In the case of 

citrate-capped AuNPs we observed a migration time of 9.93 min in absence of 

methanol, while in the case of 0.1% (v/v) of methanol in BGE the migration time 
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observed was 7.9 min. An optimal value of 0.1% (v/v) of methanol in the buffer 

was selected since higher amounts resulted in irreproducibility of the 

measurements. Accordingly with Debye-Hückel-Henry theory [30], since size, 

shape and effective charge of NPs remain invariable; viscosity of the buffer must 

change during addition of methanol if the electrophoretic mobility of NPs 

changes. Organic modifiers such as methanol or other organic solvents added 

to the aqueous buffer affect the degree of ionization of the NPs and normally 

decreases the migration time.   

 

Figure 3. Dependence of migration time of TA-AuNPs with the amount (% v/v) of 

methanol added to the BGE composed of 40 mM of SDS and 10 mM of CAPS at a pH of 

9.7.  

 

3.2.1. Citrate-capped Au and AgNPs 

Citrate-capped gold and silver nanoparticles have been separately analyzed by 

capillary electrophoresis following the procedure previously described. 

Characteristic bands for gold and silver NPs were observed at 539 and 420 nm, 

respectively, showing migration times of 7.9 and 8.2 minutes, respectively, as 

shown in Table 1.  
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Citrate ions are responsible for nanoparticle reduction and the subsequent 

capping of their surfaces [31]. Thus, these nanoparticles have surface charges 

forming an electric double layer, and, therefore, their separation is based on a 

similar mechanism than that of charged molecular species. Differently sized 

particles display different electrophoretic mobilities since their charge-to-size 

ratios differ. In this case, the mobility of both types of nanoparticles is expected 

to be almost the same since the size of silver and gold NPs is similar, and both 

types of nanoparticles are surrounded by the same ligand layer, citrate. 

In addition, a mixture of both types of NPs was analyzed. Figure 4 shows the 

spectrum contour graph in which the absorbance of Ag and AuNPs can be 

observed as well as the electropherogram obtained at 539 nm. Both gold and 

silver NPs appear at the same migration time being not possible to distinguish 

each nanoparticle contribution to the peak. Interestingly, in a sample composed 

by a mixture of both types of NPs their migration times appear at longer time 

(9.3 minutes) than when those NPs are individually introduced in the 

electrophoretic system; however no aggregation of NPs were observed in any 

case.  

 

Figure 4. (a) Contour graph showing the relation between absorbance intensity at each 

wavelength versus migration time for a mixture of citrate-capped gold and silver 

nanoparticles; (b) electropherogram at 539 nm, corresponding to AuNPs.  
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In order to achieve electrophoretic separation of nanoparticles accordingly to 

the core nature, derivatization of the NPs by in-capillary microreaction with 

buffer additives was attempted. 

3.2.2. Thioctic acid modified AuNPs (TA-AuNPs) 

In order to investigate the electrophoretic behavior of gold nanoparticles when 

functionalized with thiol derivatives, TA-modified gold NPs were analyzed 

following the same techniques than in previous experiments. The introduction 

of carboxylate groups will make gold nanoparticles bear negative charges at pH 

9.7 (similar to that when capped with citrate) and migrate to the anodic 

electrode in an electric field. Furthermore, carboxylate groups will substantially 

improve the stability of nanoparticles through electrostatic repulsion. In that 

way, considering the interaction of disulfide ring with gold atoms [28, 32, 33] 

the remaining COO
-
 group will be responsible for the NP charge (see figure 1). 

In this case the resonance plasmon band of gold nanoparticles functionalized 

with TA appears sharper and at a larger migration time -8.7 minutes- than 

unfunctionalized NPs. The presence of such ligand attached to NP surface 

modifies their charge-to-size ratio, affecting to their electrophoretic mobilities 

and, thus, to their migration times.  

A possible explanation of this behavior falls to the self-assembly of lineal thiols 

onto a metallic surface which produces SAMs more highly ordered and oriented 

with increased molecular packing density than with citrate ligand [28, 34]. The 

mechanism of formation of SAMs is not completely understood [35], being 

influenced by nanoparticle surface energy, non-covalent ligand chain interaction 

or binding moiety. In the first step citrate molecules which are electrostatically 

bound to NP surface are displaced by thiolate ligands due to their high binding 

affinity (S-Au bond) [36]. Ligands attached at the surface form a double layer 

imposing steric impediment and intermolecular forces enabling or preventing 
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SAM reorganization. In this sense, longer alkanethiol chains are more quickly 

stabilized [37]. Finally, defects sites are eliminated. 

3.3. Effect of thiol molecules in BGE on the separation 

3.3.1. Influence of thioctic acid in electrophoretic mobility of AuNPs 

Inside capillary, the interaction of citrate-AuNPs with TA added into the 

electrophoretic buffer was investigated to confirm the selective functionalization 

of AuNPs. Concentrations of TA ranging from 0.1 to 0.4% were evaluated. 

Ligand exchange reaction takes place in capillary since as much TA was present 

in the BGE, a shift in the electrophoretic peak is observed at longer migration 

time. According to gold-thiol chemistry, the undefined ionic species on the 

electrostatically-attached citrate-gold nanoparticle surface could be easily 

replaced with a self-assembled monolayer of TA originated from the disulfide 

adsorption through Au-S bonds. 

The migration time will be affected by the chemical nature of the nanoparticle 

since the number of ligand molecules which are attached to the nanoparticle 

surface will vary in function of the chemical bond established between the NP 

and the ligand, but also it depends on the dimensions of the NP. The velocity 

that NPs will achieve in the electrophoretic system will depend on their m/z 

ratio as well as on their hydrodynamic size owing to the friction or Stokes forces 

established in the capillary. As can be seen in Figure 5, migration time of AuNPs 

increases when higher amount of TA added in the BGE. These results suggest 

that assembled TA molecules on the surface of AuNPs increased the SAM 

packing density if compared with the large binding moiety of citrate.  
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Figure 5. Dependence of migration time of AuNPs with the amount of TA added in the 

electrophoretic buffer in the range 0.1-0.4% (w/v).     

 

3.3.2. Influence of thioctic acid on the separation of AuNPs and AgNPs  

Separation of gold and silver NPs by their interaction with TA present in 

electrophoretic buffer was assayed. As TA only has a carboxylic group, NPs are 

also negatively charged in the capillary after ligand exchange. Data indicate that 

AuNPs appear at higher migration time than AgNPs. As can be observed in 

Figure 6, part of AuNPs (assigned as partially functionalized) migrate more 

slowly achieving separation with respect to AgNPs. These results are consistent 

with the formation of disulfide SAMs with AuNPs only. Baseline separation of 

gold and silver NPs was not possible when increasing the amount of TA because 

of the partially functionalization of also AgNPs traduced in the longer migration 

time observed for both metallic NPs, appearing at 14.8 minutes.    
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Figure 6. (a and b) Contour graph showing the relation between intensity of absorbance 

at each wavelength versus migration time for a mixture of citrate capped gold 

nanoparticles when using a BGE in which 0.1% of TA has been added; (c) 

electropherogram observed at 420 nm, and (d) electropherogram obtained at 539 nm.  

 

3.3.3. Influence of thiomalic acid on the separation of AuNPs and AgNPs 

The effect of the addition of thiomalic acid as additive in the electrophoretic 
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length of the chain, the packing density is expected to be lower and this explain 

the migration time value. 

3.4. Separation of AuNPs and AgNPs using large-volume sample stacking 

modality using TMA as buffer additive 

Since ligand exchange reactions on NP surface are both kinetically and 

thermodynamically controlled [38], the incubation time required is critical to 

optimize SAM packing density.  

To corroborate the selective functionalization of NPs inside capillary, LVSS 

modality was employed to increase the reaction time inside the capillary with 

the aim of obtaining a better separation of peaks.  In this way, an improvement 

in terms of sensitivity was also obtained as a consequence of the stacking of the 

nanoparticles prior separation. For these experiments, TMA was selected as 

additive. In this electrophoretic modality, a large volume of sample is introduced 

in the capillary. In our case, a plug of buffer is introduced after the sample in 

order to increase the sample-additive interaction. Subsequently, a high negative 

voltage was applied for 4 minutes for increasing the time of the derivatization, 

and finally the polarity is returned to positive to start the separation.  

A good separation of NPs accordingly to their core-nature is achieved when 

using our methodology together with LVSS, although baseline separation is not 

completely achieved. As can be seen in Table 1, which summarizes the 

conditions investigated with the corresponding migration times obtained in 

each case, AgNPs appear at a migration time of 9.7 min, while AuNPs show a 

peak at 7.9 min.  

In summary, in order to achieve better separation of gold and silver NPs, an 

optimized concentration of 0.1% (w/v) of TMA as buffer additive with the use of 

LVSS mode is recommended. 



 Bloque IV. Caracterización de nanopartículas 

  
 

362 

Table 1. Electrophoretic studies performed with different additives in BGE and the 

migration times observed for Au and AgNPs.  

Section 
Type of CE 

technique 
Analyte 

BGE(a) 

additive 

0.1%(w/v) 

Migration 

time Au 

(min) 

Migration 

time Ag 

(min) 

Final remarks 

3.2.1 CZE AuNPs - 7.9 - 
AuNPs show a 

peak at 539 nm 

3.2.1 CZE AgNPs - - 8.2 
AgNPs show a 

peak at 420 nm 

3.2.1 CZE 
AuNPs + 

AgNPs 
- 9.3 9.3 

Both NPs appear 

at the same 

migration time 

3.2.2 CZE 
TA-

AuNPs 
- 8.7 - 

TA-AuNPs show 

longer tm than 

unfunctionalized 

3.3.1 CZE AuNPs TA 8.7 - 

AuNPs are 

functionalized 

inside the capillary 

3.3.2 CZE  
AuNPs + 

AgNPs 
TA 10.9/ 14.8 10.3 

AuNPs appear at 

longer tm 

3.3.3 CZE 
AuNPs + 

AgNPs 
TMA 8.6 9.9 

Separation of Au 

and AgNPs 

3.4. 
CZE with 

LVSS 

AuNPs + 

AgNPs 
TMA 7.9 9.7 

Improved 

sensitivity and 

separation 

 
(a)

BGE: 40 mM SDS, 10 mM CAPS, 0.1% methanol at pH 9.7 

4. Conclusions 

A novel method for selectively separating citrate-capped gold and silver 

nanoparticles is achieved by making use of microreaction technology, in which 

selective derivatization of their cores takes place inside capillary while certain 

thiol compounds were added into the electrophoretic buffer. Both thioctic and 

thiomalic acids were used for such purpose due to the high affinity of sulfur for 

metal atoms, being possible the selective formation of Au-S or Ag-S bonds. 
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Functionalized nanoparticles with more highly ordered and oriented SAMs than 

citrate ligand showed longer migration time owing to their increase molecular 

packing density enabling the separation of both types of nanoparticles 

according to their nature rather than size or shape separation. The proposed 

method was improved for performing at once the preconcentration and 

separation of metallic nanoparticles by applying “large-volume sample stacking” 

modality in order to increase the incubation time of the ligand-exchange 

reaction inside the capillary at the same time than in-line preconcentration takes 

place. 
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SUPPORTING INFORMATION 
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Figure S1. Ultraviolet-visible spectra of thioctic acid functionalized gold nanoparticles at 

pH 5,8 and 8. As can be seen at low pH gold nanoparticles became unstable while at 

higher pH values the spectrum shows a band centered at about 539 nm.  

 

 

 

 

 

 

 

 



 Bloque IV. Caracterización de nanopartículas 

  
 

368 

 

 

 

Figure S2. TEM image of spherically shaped thioctic acid functionalized gold 

nanoparticles.  
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El aumento en la producción y utilización de nanopartículas manufacturadas 

dará lugar a su acumulación en aire, suelo, agua y organismos. Por ejemplo, las 

nanopartículas pueden causar daño en los pulmones
1
, asimismo se ha descrito 

que AuNPs con un diámetro de 18 nm tienen una importante penetración en 

células.
2
 Sin embargo, poco se conoce de la presencia de nanomateriales en 

organismos o en el medio ambiente dada la falta de técnicas analíticas para su 

determinación y cuantificación. La situación se agrava aún más en el caso de 

matrices biológicas.  

Este bloque V presenta los métodos de determinación de nanopartículas           

–nanotubos de carbono monocapa carboxilados (c-SWNTs) y AuNPs- en 

muestras ambientales de agua de río y biológicas, como tejido de hígado de 

pollo, que se han desarrollado en la presente Tesis Doctoral. Se seleccionaron 

AuNPs ya que se ha descrito que pueden acumularse en riñones o hígado en 

función de las cargas superficiales. Por otro lado, los c-SWNTs son solubles en 

agua, siendo la carboxilación una práctica común en la industria. Cuanto más 

dispersos estén los CNTs más tiempo permanecerán en el medio acuoso, 

pudiéndolos encontrar como contaminantes en muestras acuosas. 

Se han desarrollado diversos procedimientos como la microextracción líquido-

líquido utilizando líquidos iónicos, la microfiltración sobre un sustrato SERS 

formado por nanopartículas de oro y la preconcentración sobre membranas 

modificadas con MWNTs. Como sistema de detección se emplearon las 

espectroscopias UV-Vis y Raman.   

                                                           
1
 G. Oberdorster, Z. Sharp, V. Atudorei, A. Elder, R. Gelein, W. Kreyling, C. Cox, 

Inhalation Toxicol. 16 (2004) 437-445.  
2
 E.E. Connor, J. Mwamuka, A. Gole, C.J. Murphy, M.D. Wyatt, Small 1 (2005) 325-327.  
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V.1. MICROEXTRACCIÓN LÍQUIDO-

LÍQUIDO CON LÍQUIDO IÓNICO 

Los líquidos iónicos (ILs) tienen unas propiedades fisicoquímicas únicas, como 

una presión de vapor no detectable y una estabilidad térmica relativamente alta, 

por lo que continúan atrayendo un gran interés como medio alternativo para 

reacciones y separaciones. Wei et al.
3
 demostraron la posibilidad de extraer 

nanomateriales (nanopartículas y nanohilos de oro, Cu y CuO nanométrico) de 

fases acuosas al líquido iónico BMIM PF6 mediante un proceso de partición con 

efectos de sales. Posteriormente, nanocristales de CdTe se han extraído en 

BMIM Tf2N
4
. Los autores atribuyeron esta extracción a un proceso de 

intercambio de cationes en la interfaz agua-líquido iónico.  

Por otro lado, se ha descrito la interacción de líquidos iónicos con catión 

imidazolio con nanotubos de carbono monocapa
5
, protegiéndolos de las fuertes 

interacciones π-π entre nanotubos. Los líquidos iónicos abren, por tanto, la 

puerta al análisis de nanomateriales en matrices complejas.  

El capítulo 10 muestra un método de extracción y preconcentración de 

nanopartículas de oro mediante el uso combinado de tensioactivos catiónicos y 

líquidos iónicos con grupo imidazolio gracias a la interacción del catión 

imidazolio con las AuNPs. Para la detección se ha empleado tanto 

espectroscopia UV-Vis como Raman. Se ha aplicado a muestras de agua de río e 

hígado de pollo.  

                                                           
3
 G.T. Wei, Z. Yang, C.Y. Lee, H.Y. Yang,  C.R.C. Wang, J. Am. Chem. Soc. 126 (2004) 

5036–5037 
4
 T.Nakashima,T. Kawai,  Chem. Commun. (2005) 1643–1645 

5
 J. Wang, H. Chu, Y. Li, ACS Nano 2 (2008) 2540-2546.  
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El método desarrollado en el capítulo anterior se ha adaptado para la extracción 

de c-SWNTs en muestras de agua de río, como se describe en el capítulo 11. 

De nuevo la combinación de líquidos iónicos con tensioactivos catiónicos 

permitió la extracción cuantitativa del nanomaterial. Los c-SWNTs presentan 

unas bandas características en Raman, como ya se ha visto previamente en el 

bloque de caracterización de NPs, que se utilizaron para cuantificar la presencia 

de los mismos. 
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Rapid analysis of gold nanoparticles in liver and river water 

samples 

A. I. López-Lorente, B. M. Simonet, M. Valcárcel 

Department of Analytical Chemistry, University of Córdoba, E-14071 Córdoba, Spain. 

 

  

This paper describes a simple approach to determine gold nanoparticles in liver 

and river water samples. The method of purification of nanoparticles from the 

matrix is based on the stabilization of gold nanoparticles with a cationic 

surfactant followed by a microliquid–liquid extraction in ionic liquid. Finally, the 

extracted nanoparticles can be analysed by UV/Vis detection or Raman 

spectroscopy. The precision of the proposed method for the analysis of liver 

tissue and river water samples was 9.7% and 18% respectively for UV/Vis 

analysis. The sensitivity was 1.17 × 10
−12

 M for the analysis of 3 mL of liver 

homogenate or river water sample. 

 

 

Keywords: gold nanoparticles, Raman spectroscopy, UV/Vis spectroscopy, liver 

samples, river water samples 
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1. Introduction 

Nanotechnology is a rapidly expanding area. In fact, large numbers of 

nanoparticles (NPs) are actually used in a wide range of areas including 

cosmetics, medicine, food and food packaging, bioremediation, paints, coatings, 

electronics, fuel catalysts and water treatment [1, 2]. Currently, nanoparticles 

used in products include metals, metal oxides and alloys, carbon based 

materials such as fullerenes, nanotubes and nanofibres, silicates and quantum 

dots as well as polymer composites [3-6]. Although nanosized particles have 

always occurred in nature, the latest developments in the use and production of 

nanoparticles have raised concerns over their potential release and impact on 

the environment, in this way the amount and kind of nanoparticles can affect 

the environment. As nanoparticles are expected to be used in a wide range of 

product types, it is likely that a range of environmental regulatory frameworks 

will apply to them [7, 8]. However, at present, regulations are not very restrictive. 

From the analytical point of view, described methods and models for 

nanoparticles in both environmental and biological samples have been 

questioned. There are the following needs: (i) analysis of biological samples in 

order to study toxicity and (ii) methods to analyse environmental samples to 

establish the potential risk and environmental control. 

Nowadays, there is a lack of nanoparticle monitoring data from the 

environment. Therefore, it is difficult to know the real concentration and the 

potential risk. One way to assess the potential levels of NPs released into the 

environment and, hence, levels for testing, is to use environmental exposure 

models [9, 10]. For example, Boxall et al. have estimated the potential 

concentrations of several kinds of NPs arising from consumer products by using 

simple algorithms [10]. The predictions point out that gold is expected to reach 

a concentration of 0.14 ppb in water samples and 6.0 ppb in soil. Based on this, 

gold nanoparticles (AuNPs) were selected as target analyte in this paper. 
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With regards to biological samples, gold nanoparticles are also of high interest 

[11, 12]. There is no doubt that nanoparticles, especially gold nanoparticles, 

offer a huge potential in the field of nanomedicine and nanotechnologies in the 

future because they provide several opportunities in imaging, diagnostics, and 

also therapies [13-15]. In order to develop these applications and to achieve 

safe and well characterized tools for nanomedicine, it is of high importance to 

thoroughly study the in vivo biodistribution of NPs as this will allow 

determination of the concentration in secondary organs, which may eventually 

cause adverse health effects [16]. An interesting study [17], points out that 

commercially available 1.9 nm gold nanoparticles are biodistributed and 

accumulated in different organs depending on their charge. In general, 

positively charged particles accumulate more in the kidneys while negative and 

non-charged particles showed a higher accumulation in the liver [17]. Based on 

this data, liver tissues were selected as the sample for this study because gold 

nanoparticles stabilized with citrate, and thus presenting a negative charge, are 

the most used to date. 

Therefore, as was indicated before, the aim of this work is to evaluate the 

determination of gold nanoparticles in river water samples and liver samples by 

using a portable Raman and a UV/ Vis spectrometer as detectors. The extraction 

of gold nanoparticles from real samples was performed by combining cationic 

surfactant with ionic liquids which present a high affinity to solubilise 

nanoparticles thanks to the interaction of the imidazolium group with the gold 

nanoparticles. 

2. Materials and methods 

2.1. Chemicals 

HAuCl4 (Sigma Aldrich) and sodium citrate dihydrate 99.5% (Sigma Aldrich) were 

used to synthesize the gold nanoparticles. Before synthesis the glassware 
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material was washed with a 1:3 mixture of nitric acid and hydrochloric acid 

(Panreac). 

1-Hexyl-3-methyl-imidazolium hexafluorophosphate (HMIM PF6) and 1-butyl-3-

methyl-imidazolium hexafluorophosphate (BMIM PF6) (Merck) were selected as 

the ionic liquids (ILs) to extract gold nanoparticles from the samples. 

Hexadecyltrimethylammonium chloride (CTAC), hexadecyltrimethylammonium 

bromide (CTAB) and Triton X-100 (Fluka) were used as surfactants to enhance 

liquid–liquid extraction. Trichloroacetic acid (TCA) (Panreac, Barcelona, Spain) 

and ethylenediaminetetraacetic acid (EDTA) (Sigma, St. Louis, MO, USA) were 

used to treat biological samples. 

All the reagent stock solutions were prepared in Milli-Q water. Water river 

samples were obtained from Guadalquivir (Córdoba). Chicken liver tissue was 

obtained from a local butchery. 

2.2. Synthesis of gold nanoparticles 

Gold nanoparticles were synthesized according to the method of Turkevich et al. 

[18] with slight modifications. Firstly, the glass material was washed with a 1:3 

mixture of nitric acid and hydrochloric acid. Solutions of HAuCl4 and sodium 

citrate were prepared in Milli-Q water. For the synthesis 50 mL of a 0.01% 

HAuCl4 solution was heated with magnetic stirring. After reaching the boiling 

point, 0.254 mL of a 1% sodium citrate solution was added. Then the system was 

left for 15 min under stirring. Afterwards, 5 mL of 0.01% HAuCl4 solution and 

0.254 mL of 1% sodium citrate solution were added to the system. After reaction 

for 15 min the heater was switched off and the system was stirred and allowed 

to reach room temperature. The final solution containing gold nanoparticles was 

stored in the freezer in an amber bottle at 4ºC. 
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2.3. Equipment 

Gold nanoparticles were analysed by absorbance and Raman spectroscopy. 

UV/Vis measurements were performed using a halogen lamp as excitation and 

the monochromator and photonic detector of a PTI fluorescence Master system 

as a detector. 

Raman measurements were performed with a portable Raman spectrometer 

system provided by B&W TEK Inc., known as i-Raman BWS415 with a 

wavelength of 785 nm and a maximum laser output power at the system’s 

excitation port of 354 mW±15%. OPUS 5.0 from BrukerOptik GmbH software 

was employed for data treatment and spectra analysis as well as the 

Unscrambler® 9.1 software (Camo). 

2.4. Sample treatment 

Treatment for water samples. 3 mL of river sample containing 1.67 mM of 

CTAC and spiked with gold nanoparticles was treated with 0.3 g of ionic liquid 

(BMIM PF6). The system was manually shaken for 30 s. Then the system was 

allowed to stand in order to achieve separation of the ionic liquid from the 

water phase. Periodically we checked that the concentration of the stock 

solution was constant by UV/Vis measurements. The calibration standards were 

prepared by dilution of the stock solution. Potential losses of gold nanoparticles 

with dilution were discarded in the studied range, since we obtained a linear 

response of the concentration with the UV/Vis spectrum. 

Absorbance measurements were performed with 100 µL of the ionic liquid 

phase containing the extracted gold nanoparticles in an ultramicro Hellma cell 

with an optical length of 10 mm, measuring the difference between the 

absorbance at the maximum of the peak (about 537 nm) and the base of the 

peak, in order to amend baseline shifts between measurements. 
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For Raman measurements 100 µL of the extract was located in a home-made 

vial with a diameter of 5 mm. Raman measurements were performed with a 

laser power of 354 mW. A 1 second CCD exposure was used, with averaging of 

the Raman signal over 10 signal acquisitions. For spiking, a certain volume of a 

stock solution of gold nanoparticles was added to the river water samples, the 

solution was homogenized and mixed for 4 hours. Fig. 1 shows the phase 

separation and the preconcentration of gold nanoparticles in the water-

insoluble ionic liquid. 

 

 

Figure 1. Photograph of the water solution containing gold nanoparticles before and 

after extraction and preconcentration treatment with 0.3 g of water-insoluble ionic liquid 

(left). Scheme of the extraction process which implies the use of a cationic surfactant 

(CTAC) and the ionic liquid with an imidazolium group (right). 

 

Treatment of liver tissue. Chicken liver samples were dried with acetone and 

pulverised to form a uniform blend. For analysis, 3 mL of water containing TCA 

(0.15 M), in order to denature the proteins which precipitate and may interfere 

with the measurements, and EDTA (3.33 mM), as a complexing agent for 

possible interfering ions, were mixed with 2 mg of powdered chicken liver 
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sample. The obtained homogenated tissue was then spiked with an aqueous 

stock solution of gold nanoparticles and the mixture was stirred for 1 h to 

promote the interactions of the gold nanoparticles with the biological 

compounds. Afterwards, the solid phase was separated by centrifugation at 

1370 g for 5 min. The supernatant was treated with surfactant (1.67 mM CTAC) 

and ionic liquid (0.3 g) to extract the gold nanoparticles. The method then 

continued as in the treatment for water samples. 

In order to ensure homogeneous distribution of AuNPs in the material, two sets 

of experiments were compared. One was carried out as described in the 

experimental section. Three independent homogenates were spiked and 

analyzed following the recommended procedure. In a second set of experiments 

the three homogenates were spiked and afterwards mixed for one hour. After 

this time three aliquots were analyzed. Because the results of the two sets of 

experiments were comparable, the sample was deemed to be homogeneous. 

3. Results and discussion 

3.1. Characterization of gold nanoparticles 

Gold nanoparticles were characterized by high resolution transmission electron 

microscopy (HTEM) and UV/Vis spectroscopy. Fig. 2 shows the characteristic 

HTEM image and the size distribution of the gold nanoparticles. The size of the 

nanoparticles ranged between 31 and 58 nm with an average size of 39±6 nm. 

The characterization was completed by measuring the UV/Vis spectrum of the 

gold nanoparticle solution. Fig. 3 shows the spectrum of gold nanoparticles. By 

using the spectrum, the average diameter was calculated according to the 

procedure described by Haiss et al. [19], resulting in an average diameter of 33 

nm, a result which agrees with that obtained by HTEM. The diameter was 

calculated taking into account the ratio between the absorbance at the 
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maximum of the surface Plasmon resonance (537 nm) and the absorbance at 

450 nm, following the equation described by Haiss [19]. 

d= exp [(B1· (Aspr/A450))-B2] 

where B1= 3.55 and B2= 3.11 experimentally calculated by Haiss [19]. 

 

 

Figure 2. Characterization of gold nanoparticles. HTEM photograph (left) and size 

distribution (right). 

 

The concentration of the stock solution was determined also according to ref. 

19 from the UV/Vis spectrum. By using the calculated diameter of the 

nanoparticles, we can estimate the ɛ450 and calculate the particle concentration 

in mol per litre from the absorption A at 450 nm for a standard path length of 1 

cm according to c=A450/ɛ450 [19]. The range of concentrations from the different 

syntheses was between 1 and 8x10
-10

 M. 
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Figure 3. UV/vis spectrum of the gold nanoparticles in water (left) and UV/vis spectrum of 

the gold nanoparticles extracted in ionic liquid dispersed with the aid of the surfactant 

(right).  

 

3.2. Optimization of the extraction procedure 

The first variable studied was the nature of the ionic liquid. Although four 

different kinds of ionic liquids, which are liquids at room temperature and 

present very low solubility in water, were studied, only those with an 

imidazolium group provided good preliminary results. 1-hexyl-3-

methylimidazolium hexafluorophosphate and 1-butyl-3-methylimidazolium 

hexafluorophosphate were effective for the extraction, while 1-ethyl-3-methyl 

pyridine bis(trifluoromethylsulfonyl)imide and 1-hexyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide were discarded, the first because we did not 

notice a statistically significant decrease of the absorbance in the aqueous 

phase. The second was discarded because although nanoparticles were 

extracted there were problems with measurement due to solution viscosity and 

changes in the refraction index. The study was then developed by using HMIM 

and BMIM as extractants. The anion of the ionic liquid was hexfluorophosphate 

in order to lower the water solubility of the IL. It must be pointed out that the 
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chosen ionic liquids showed that once extraction took place, the aqueous phase 

absorbance value was statistically equal to the blank, allowing the quantitative 

extraction of gold nanoparticles from the aqueous solutions. However, the 

presence of aggregates in the interface between the water and the IL was 

observed. This phenomenon was attributed to the presence of citrate ligands 

attached to the surface of the gold nanoparticles. Therefore, the effect of adding 

cationic surfactant was studied. It must be remarked that once nanoparticles 

were aggregated it was not possible to redisperse them. Therefore it was 

proposed first to stabilize the nanoparticles with the surfactant and then to 

extract them with the ionic liquid. In a first stage, surfactant micelles coat the 

nanoparticles and interact with them in the aqueous medium and in a second 

stage they are extracted by the ionic liquid by the formation of ionic pairs with 

the ionic liquid anion. As different ionic liquids show different extraction 

capacities, it is probable that mixed micelles were formed in which, in addition 

to the surfactant, there are also ionic liquid cations interacting with the 

nanoparticle. It is clear that the interaction of ammonium groups with the gold 

nanoparticles is responsible for the stability. Similar results were recently 

obtained by Wei and co-workers [20]. 

By using HMIM PF6, the effect of different kind of surfactants: cationic such as 

CTAB and CTAC, anionic SDS and nonionic Triton X-100 was studied. Cationic 

surfactants were the only ones that allowed the extraction procedure. In the 

case of CTAB, in general, a concentration of 0.5 mM CTAB was not enough to 

quantitatively extract gold nanoparticles. On the other hand, concentrations 

ranging from 1 to 2 mM were efficient. The use of a higher amount of surfactant 

was discarded because it resulted in the presence of turbidity in the IL phase. 

Therefore a concentration of 2 mM of CTAB was recommended for analysis. The 

precision determined from 5 consecutive measurements was 2.8%. Similar 

results were obtained with CTAC, the concentration of which was also optimized 
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at 2 mM. With CTAC the precision was 9.3% but the sensitivity, expressed as the 

slope of a calibration graph, was 20 times better with CTAC than CTAB. 

The suitability of the ionic liquid 1-butyl-3-methylimidazolium 

hexafluorophosphate was studied. As there are mixed micelles with the cation of 

the ionic liquid and the surfactant, the presence of butyl or hexyl groups 

changes the apolar character of the cations and their capacity to interact with 

the surfactant. Surfactant concentration was again optimized and the chosen 

concentration was 1.67 mM CTAC. It is important to indicate that surfactant 

concentration is referred to as the aqueous phase and that these studies were 

performed by UV/Vis spectroscopy. The choice of the best ionic liquid for the 

extraction was made on the basis of reproducibility and simplicity of operation. 

Both ionic liquids show good results, but finally BMIM PF6 was chosen for 

further studies. 

Moreover, the quantity of ionic liquid appropriate for the extraction in relation 

to a constant volume of aqueous sample was studied. In order to improve the 

reproducibility, due to ionic liquid viscosity, it was added to the system by 

weight. By using 3 mL of spiked water sample the amount of IL was studied in 

the range 0.1–0.5 g. The best sensitivity was obtained with 0.3 g of IL. 

The extraction time was also studied but the results point out that only a slight 

influence was observed. In general, 15–20 min was long enough to separate the 

phases. Alternatively this time can be reduced by centrifugation of the mixture 

at low velocity (3000 rpm). 

3.3. Analytical features 

Standards prepared with Milli-Q water were analyzed under the selected 

conditions. There is a linear section until a concentration of 1.72x10
-11

 M due to 

aggregation problems at higher concentrations. The limit of detection was only 
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1.7x10
-12

 M and the precision 9.3%. It must be indicated that the molar 

absorption coefficient of gold nanoparticles in the ionic liquid was 2.5 times 

lower than in water. This fact decreases the sensitivity of the method. However, 

the extraction is necessary in order to remove the interferences from the sample 

matrix. 

We do not demonstrate a selective extraction of gold nanoparticles in the IL. We 

show that it is possible to extract the gold nanoparticles in the IL and to 

determine their concentration by Raman or UV/Vis spectroscopy. It must be 

remarked that direct analysis is not possible due to the presence of organic 

compounds interfering with the spectroscopic measurement. Obtained results 

point out that the extraction of gold nanoparticles in the ionic liquid is 

quantitative since once the extraction process is completed, the absorbance 

value of the aqueous phase is statistically equal to the blank and, on the other 

hand, a second extraction of the liquid phase with IL does not provide a signal 

due to the gold nanoparticles. Thus, assuming quantitative extraction, the 

preconcentration factor is defined by the volume of the aqueous and ionic 

liquid phases. It is 13.7 when working under the recommended conditions. 

However, we have proved, using only 0.1 g of ionic liquid, that it is possible to 

reach a preconcentration factor of 41.1. 

As an alternative to UV/Vis detection, a portable Raman spectrometer, was used 

to record gold nanoparticles. As can be seen in Fig. 4, gold nanoparticles have a 

well-defined peak in Raman spectroscopy. The figure shows the spectrum 

obtained in the same experimental conditions with the ionic liquid, a sample 

control, nanoparticles in aqueous media and nanoparticles extracted and 

preconcentrated in the IL. The sample control corresponds to the 

preconcentration and analysis of a solution of sodium citrate. It is clear from 

these results that the peak corresponds to gold nanoparticles. 
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Figure 4. Raman response of gold nanoparticles. 

 

Duval reported that Raman spectra of gold and silver nanomaterials always 

show a band, in the low-frequency range, due to the excitation of the acoustic 

vibrations of the roughness features of the nanoparticles. Using group theory 

they showed that among the two types of vibrational modes, torsional and 

spheroidal, only the latter ones can scatter light. The quadrupolar spheroidal 

vibrations of the nanoparticles are detected by Raman scattering due to their 

strong interaction with the dipolar Plasmon [21]. In the case of silver and gold 

nanoparticles with diameters between 4 and 50 nm, the fundamental radial 

mode (breathing mode) yields the dominant response in time-resolved 

experiments [22-24]. The observation of new low frequency Raman bands in the 

3–40 cm
-1

 range in samples formed by silver or gold nanoparticles embedded in 

either a phosphate glass or amorphous silica matrix has been also described 
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previously. The authors attribute the lower frequency band to the light 

scattering by the quadrupolar vibrational mode of the nanoparticles and the 

others are ascribed to light scattering by the nanoparticle radial modes: the 

breathing mode and its harmonics [25]. 

In addition, it was verified that the peak was a function of gold nanoparticle 

concentration. In order to discard possible SERS effects, we added increasing 

amounts of citrate to the medium, as well as IL. However, the Raman peak was 

not affected by these compounds, therefore it was concluded that the peak was 

due to the presence of gold nanoparticles, and because it was not affected by 

other organic compounds present in the standard solution a possible SERS 

effect was discarded. 

A set of 12 standards (in a range of concentrations between 0.1 and 3.5x10
-11

 M 

in gold nanoparticles) was extracted and analysed by Raman spectroscopy and 

formed the so-called training group. The results were submitted to principal 

component analysis (PCA) finding that 2 variables were enough for a probability 

of 99.9%, as can be seen in Fig. 5. PCA is a useful tool for carrying out 

dimensional reduction of data while retaining most of the variation within the 

dataset [26], as well as evaluating the cross-correlation among the variables. The 

data are projected in a new space defined by the principal components. The 

principal components (PCs) obtained are not correlated to each other and are 

also called eigenvectors or loadings. They are linear combinations of the original 

measurement variables in the dataset. The order of the PCs describes their 

relative importance (variance or eigenvalues), which are progressively lower, and 

ideally the variation in the dataset can be described sufficiently by a few PCs 

whose eigenvalues are most significant, as in this case in which two PCs are 

enough. 
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Figure 5. Representation of the accumulated explained variance according to the number 

of principal components considered. 

 

Calibration was then performed by partial least square modelling (PLS). The aim 

of PLS is the construction of a model to describe the response variables (in this 

case gold nanoparticles concentration) in terms of the observed variables 

(Raman spectra) from a set of training data. The least squares model is given by: 

Y =XB + E 

where Y is the dependent variable (concentration), X the independent variable 

(Raman spectra), B the matrix of regression parameters for each component in 

Y, and E is the matrix of residuals (differences between measured and predicted 

variables) [27]. PLS considers both the X and Y matrices ensuring that the factors 

correlate the X matrix to the concentration. 

The data structure of the PLS model was applied to the whole training group 

that is composed of the regions of the Raman spectrum between 119–229 cm
-1
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and 1085–1305 cm
-1

, since those are the regions where the most featured bands 

of the spectrum appear. The concentration of gold nanoparticles was the output 

variable in the PLS model. 

The training group was used to construct the PLS model, while a testing group 

was used to test the accuracy of the model. The testing group included spectral 

measurement of 6 standards at different concentrations (in the same range as 

the training group), the data from the testing groups were set aside during 

model development. The representation of concentration found with the PLS 

model versus the concentration added were statistically comparable for a 

probability of 95% with the theoretical graph y=x. This result points out the 

usefulness of the Raman peak of gold nanoparticles to monitor their 

concentration. 

3.4. Analysis of river water samples 

A total of 36 river samples spiked at 6 concentration levels (between 0 and 

3.5x10
-11

 M) were used to test the efficiency of the proposed methodology, 

divided again into training and testing groups for PLS calibration in the case of 

Raman spectroscopy analysis. When using UV/Vis detection the recoveries 

ranged from 79–103%, and the precision determined from 8 consecutive 

measurements was 18%. These samples were also analyzed by Raman 

spectroscopy obtaining an acceptable agreement. In this case, the 

representation of concentration found versus concentration added in the testing 

samples (in the same concentration range as the training samples) gives the 

regression line y=0.8885X + 1x10
-12

 (Fig. 6). Although the system presents an 

important error, it is the first approach described in the literature for the 

preconcentration of gold nanoparticles. 
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Figure 6. Predicted value of concentration versus added concentration of gold 

nanoparticles in spiked river water samples. The added concentration refers to the 

spiking level. 

 

3.5. Analysis of liver tissue 

In the case of liver tissue, samples spiked at four different concentrations 

(between 0.95 and 7.6x10
-11

 M) were analyzed both by UV/Vis and Raman 

spectroscopy. UV/Vis detection did not provide good results. As can be seen, in 

Fig. 7 there is a big difference between the response of the standard and the 

tissue. At higher concentrations the signal decreases due to possible 

aggregation problems. We may have to take into consideration that the 

concentration in this case is higher than the concentration in water samples, and 

this problem could be solved by diluting the sample prior to extraction with the 

ionic liquid. The precision of the method for the analysis of gold nanoparticles in 

tissues was 9.7% in the linear range. 
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Figure 7. Comparison of analytical response of standards and liver tissues analyzed with 

the recommended procedure and UV/Vis detection. 

 

However, when the samples were analyzed by Raman spectroscopy, the 

regression line of the graph predicted concentration versus added 

concentration yielded the equation Y=0.9565X + 2x10
-12

, which is comparable 

with the theoretical line Y=X for a probability of 95%. As can be observed in Fig. 

8, the model data points lie relatively close to the 45º line indicating small 

prediction error. The PLS model was developed with the training group of 

spiked liver tissue samples, and the testing group showed the results showed in 

Fig. 8. Based on the results, it can be affirmed that the low analytical signal 

observed with UV/Vis detection is due to the presence of interferences which 

affect the photometric measurement, and not to a low recovery of the gold 

nanoparticles from the liver matrix. It can be then concluded that interferences 

do not affect Raman spectroscopy. 

0

0,2

0,4

0,6

0,8

1

1,2

0 2 4 6 8

A
bs

or
ba

nc
e

[AuNPs] ·1011 (M)

Standards

Liver samples



 Bloque V. Determinación de nanopartículas 

 

  
 

396 

 

Figure 8. Predicted value of concentration versus added concentration of gold 

nanoparticles in spiked chicken liver tissue samples. The added concentration refers to 

the spiking level. 

 

4. Conclusions 

It has been demonstrated that ionic liquid with cationic surfactant is a good 

combination to extract gold nanoparticles from river water and liver tissues 

samples. Thanks to the high affinity of the imidazolium group for the gold 

nanoparticle surface, it is possible to preconcentrate the dispersed nanoparticles 

in a low volume of ionic liquid. The basis of this procedure could be extended to 

other nanoparticles and samples. As regards detection, although gold 

nanoparticles present a well defined characteristic UV/Vis spectrum, it has been 

also demonstrated that they present a characteristic peak in Raman 

spectroscopy, which can be used as an analytical signal. For example, in the case 

of liver samples the use of the Raman peak as an analytical signal presents clear 

advantages over the band of plasmon resonance. 
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The analysis of nanoparticles in real samples is difficult in part because it is not 

possible to know the ligand coating that nanoparticles have. In this work gold 

nanoparticles covered with citrate were selected as a model because they are 

the most widely used in applications. In both water and liver samples, after 

spiking the sample, the nanoparticles were left in the medium for 4 hours in 

order to promote possible ligand changes between compounds of the sample 

and citrate. In our opinion, the liquid–liquid extraction is a good procedure 

because it works with excess of ligand, then it is reasonable to think that ligands 

can be exchanged by the cation of the IL. Although this process, probably, takes 

place in all of the cases, it must be remarked that the kinetics can be different 

depending on the ligand. Then, when there are nanoparticles with a different 

ligand the kinetics as well as the amount of surfactant must be re-studied or re-

optimized. 

Although it has been shown that it is possible to determine gold nanoparticles 

stabilized with citrate from water river samples and liver samples, in real samples 

in which the ligands bound to the nanoparticles are not known it will be 

necessary to study the working conditions in order to assure the quantitative 

extraction of the gold nanoparticles. There is no doubt that liquid–liquid 

extraction with ionic liquids is a good way to approach the analysis of these 

kinds of samples and analytes. 

Acknowledgements 

The authors wish to thank Spain’s Ministry of Innovation and Science for 

funding Project CTQ2007-60426 and Junta de Andalucía for Project FQM02300. 

A.I. López-Lorente also wishes to thank the Ministry for the award of a Research 

Training Fellowship (grant AP2008-02939). 

 



 Bloque V. Determinación de nanopartículas 

 

  
 

398 

References 

[1] S. Kokura, O. Handa, T. Takagi, I. Tomohisa, N. Takeshi, Y. Yuji and T. Yoshukawa, 

Nanomedicine, 2010, 6, 570–574. 

[2] A. Weir, P. Westerhoff, L. Fabricius, K. Hristovski and N. von Goetz, Environ. Sci. 

Technol., 2012, 46, 2242–2250. 

[3] R. Kessler, Environ. Health Perspect., 2011, 119, a120–a125. 

[4] O. D. Gendrikson, I. V. Safenkova, A. V. Zherdev, B. B. Dzantiev and V. O. Popov, 

Biofizika, 2011, 56, 965–994. 

[5] M. A. Bolzinger, S. Briancon and Y. Chevalier, Wiley Interdiscip. Rev.: Nanomed. 

Nanobiotechnol., 2011, 3, 463–478. 

[6] A. Llevot and D. Astruc, Chem. Soc. Rev., 2012, 41, 242–257. 

[7] P. Christian, F. Von der Kammer, M. Baalousha and T. Hofmann, Ecotoxicology, 2008, 

17, 326–343. 

[8] B. Alistair, T. Karen and C. Qasim, Nanomedicine, 2007, 2, 919–927. 

[9] A. Sanchez, S. Recillas, X. Font, E. Casals, E. Gonzalez and V. Puntes, TrAC, Trends Anal. 

Chem., 2011, 30, 507–516. 

[10] A. B. A. Boxall, Q. Chaudhry, A. Jones, B. Jefferson and C. D. Watts, Current and Future 

Predicted Environmental Exposure to Engineered Nanoparticles, Report to Defra, 2008. 

[11] R. Arvizo, R. Bhattacharya and P. Mukherjee, Expert Opin. Drug Delivery, 2010, 7, 

753–763. 

[12] E. Boisselier and D. Astruc, Chem. Soc. Rev., 2009, 38, 1759–1782. 

[13] W. Lu, A. K. Singh, S. A. Khan, D. Senapati, H. Yu and P. C. Ray, J. Am. Chem. Soc., 

2010, 132, 18103–18114. 

[14] R. A. Rippel and A. M. Seifalian, J. Nanosci. Nanotechnol., 2011, 11, 3740–3748. 



 

399 

399 

 

Capítulo 10 

 

  
 

399 

[15] S. R. Butle and P. R. Baheti, Int. J. Pharm. Sci. Rev. Res., 2011, 10, 54–59. 

[16] M. A. K. Abdelhalim and M. Mahmoud Mady, Lipids Health Dis., 2011, 10, 195. 

[17] C. Schleh, M. Semmler-Behnke, J. Lipka, A. Wenk, S. Hirn, M. Schäffler, G. Schnid, U. 

Simon and W. G. Kreyling, Nanotoxicology, 2012, 6, 36–46. 

[18] J. Turkevich, P. C. Stevenson and J. Hillier, Discuss. Faraday Soc., 1951, 11, 55–75. 

[19] W. Haiss, N. T. K. Thanh, J. Aveyard and D. G. Fernig, Anal. Chem., 2007, 79, 4215–

4221. 

[20] G. T. Wei, Z. Yang, C. Y. Lee, H. Y. Yang and C. R. C. Wang, J. Am. Chem. Soc., 2004, 

126, 5036–5037. 

[21] E. Duval, Phys. Rev. B: Condens. Matter Mater. Phys., 1992, 46, 5795–5797. 

[22] N. Del Fatti, C. Voisin, F. Chevy, F. Vallee and C. Flytzanis, J. Chem. Phys., 1999, 110, 

11484–11487. 

[23] J. H. Hodak, A. Henglein and G. V. Hartland, J. Phys. Chem. B, 2000, 104, 5053–5055. 

[24] C. Voisin, N. Del Fatti, D. Christofilos and F. Vallee, J. Phys. Chem. B, 2001, 105, 2264–

2280. 

[25] H. Portales, L. Saviot, E. Duval, M. Fujii, S. Hayashi, N. Del Fattiand F. Vallee, J. Chem. 

Phys., 2001, 115, 3444–3447. 

[26] K. R. Beebe, R. J. Pell and M. B. Seasholtz, Chemometrics: A Practical Guide, John 

Wiley & Sons, Inc., New York, 1998. 

[27] P. Knief, C. Clarke, E. Herzog, M. Davoren, F. M. Lyng, A. D. Meadea and H. J. Byrne, 

Analyst, 2009, 134, 1182–1191. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Capítulo 11 

Determination of carboxylic 

SWCNTs in river water by 

microextraction in ionic liquid and 

determination by Raman 

spectroscopy 

Talanta 105 (2013) 75-79 



 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

403 

403 

 

Capítulo 11 

 

  
 

403 

Talanta 

105 (2013) 75-79 
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spectroscopy 

A. I. López-Lorente, B. M. Simonet, M. Valcárcel 

Department of Analytical Chemistry, University of Córdoba, E-14071 Córdoba, Spain 

 

The paper proposes a simple approach for the preconcentration of carboxylated 

single-walled carbon nanotubes and their determination in river water samples. 

The method is based on a microliquid–liquid extraction into an ionic liquid 

(bmim PF6) in the presence of a cationic surfactant (CTAC). 10 µL of the ionic 

liquid phase are microfiltrated by using a home-made filtration device having a 

small diameter. The membrane was of cellulose with a pore size of 5 µm. Finally, 

the carbon nanotubes retained in the membrane are directly analyzed by Raman 

spectroscopy, which allows their direct characterization and quantification. The 

limit of detection was 0.050 mg L
−1

. The precision, for a 1.4 mg L
−1

 concentration 

of carbon nanotubes, is 3.2%. 

 

Keywords: Carboxylated single-walled carbon nanotubes; Raman spectroscopy; 

Preconcentration; Ionic liquid; Cellulose membranes; Water samples. 
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1. Introduction 

The increasing use of nanoparticles in industrial applications will inevitably lead 

to the release of such materials into the environment. However, very little is 

known on emissions of engineered nanomaterials to the environment due to a 

lack of quantitative techniques for monitoring nanomaterials emissions and 

determining its concentrations in the environment. Exposure might occur during 

the production, use and disposal of CNTs and CNT-containing products. CNTs 

may be released into the aquatic environment from point sources, such as 

factories, landfills and wastewater effluents or from nonpoint sources, such as 

storm-water runoff, attrition from composites and from wet deposition from the 

atmosphere [1]. It has been described the fact that a considerable part of the 

CNTs, utilized in mass consumer products such as batteries and textiles, can be 

dispersed in the technosphere or the environment, e.g. by wear and tear from 

products as well as recycling processes which could cause occupational 

exposure [2]. It can be assumed that environmental and human exposure to 

CNTs is likely to occur. Moreover, Gottschalk et al. calculated predicted 

environmental concentrations based on a probabilistic material flow analysis 

from a life-cycle perspective of engineered nanomaterials containing products. 

A concentration of carbon nanotubes in STP effluent in the ng L−
1
 range in 

Europe has been predicted [3] and [4]. 

The properties of nanomaterials raise concerns about adverse effects on 

biological systems, which, at the cellular level, include structural arrangements 

that resemble nanomaterials and nanostructures in terms of their function [5]. 

This is the subject of considerable debate regarding the open questions on 

toxicology and environmental impact [6] and [7]. 

Effectively monitoring nanoparticles in environmental samples entails meeting 

several requirements. One is using analytical methods capable of detecting 

environmentally relevant concentrations, which fall in the nanogram per litre 
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range, and another is avoiding the potential interference of natural 

nanoparticles frequently present in environmental samples [8]. Separation of 

nanoparticles is one of the most critical steps in their analytical processing. 

Available methods for this purpose are still unrefined. 

For carbon nanotubes (CNTs), their extremely low solubility in water, variable 

sizes of the particles, small diameters and the complexity of aggregates formed 

make characterizations of these nanomaterials extremely difficult in aqueous 

exposure experiments [9]. CNTs are usually functionalized to prevent them from 

sticking together and make them water soluble. Functionalization (e.g. 

carboxylation) is also a common practice in industry in the case of CNT-polymer 

matrices in order to achieve better dispersion, alignment and strong interfacial 

interactions [10]. Oxidized CNT is an important and widely used derivative of 

CNTs both for dispersing CNTs in aqueous systems and further functionalizing 

them via carboxyl group reactions [11]. It is assumed that the better de-bundled 

and individually suspended the CNTs are, the longer they remain in the water 

column [12]. Thus, oxidized CNTs may be one of the most possible forms of CNT 

pollutant in aqueous environment [13] and hence the importance of 

determining them. In the case of CNTs (both single and multi-walled), Nowack 

and Bucheli [14] reported that no method existed for their quantification in 

natural media. However, a recent approach to the extraction of carboxylic 

carbon nanotubes from surface water uses a filter modified with multiwalled 

carbon nanotubes as a preconcentrator and determines them by capillary 

electrophoresis. It has the limitation that does not provide information about 

the carbon nanotubes and also standards are needed [15]. 

On the other hand, ionic liquids (ILs) have attached more and more attention 

over the last few years. Wei et al. [16] demonstrated the possibility to extract 

nanomaterials (nanoparticles and nanowires of Au, Cu and CuO) from aqueous 

phases to the [C4MIM][PF6] ionic liquid. CdTe nanocrystals have been also 
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extracted in [C4MIM][Tf2N] [17]. Recently, a method for the preconcentration of 

gold nanoparticles from river water samples and liver tissue in ionic liquid has 

been also developed [18]. It has been described the dispersion of carbon 

nanotubes (SWNTs) in ionic liquid through weak van der Waals interaction. The 

ionic liquid can effectively shield the strong π-π stacking interaction among 

SWNTs and disperse them [19]. The aim of this work is to use the affinity of 

carbon nanotubes to ionic liquids from an analytical point of view, to extract this 

nanomaterial from water samples and their subsequent quantification by Raman 

spectroscopy. As far as we are concerned this is the first time ionic liquid are 

used for microextraction of carbon nanotubes. 

2. Experimental 

2.1. Materials and reagents 

SWNTs were obtained from Shenzhen Nanotech Port Co. Ltd (NTP) (China), with 

a purity over 90%, an outer diameter of <2 nm, a length of 5–15 µm and a 

special surface area of 500–700 m
2
/g. H2SO4 and HNO3 were purchased from 

Panreac (Barcelona, Spain). 1-butyl-3methyl-imidazolium hexafluorophosphate 

(BMIM PF6) (MERCK) was selected as the ionic liquid (IL) to extract the 

carboxylated single-walled carbon nanotubes from the samples. 

Hexadecyltrimethylamonium chloride (CTAC) and hexadecyltrimethylamonium 

bromide (CTAB) were obtained from Fluka. Cellulose membranes of 5.0 µm pore 

sizes were purchased from Millipore. Chemicals were used as received with 

safety precautions taken as according to their respective MSDS. 

2.2. Equipments 

Raman measurements were performed with a portable Raman spectrometer 

system provided by B&W TEK Inc., known as inno-Ram with a wavelength of 

785 nm and a maximum laser output power at system's excitation port of 
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348 mW and 285 mW in the probe. For measurements the laser power at the 

probe was 28.5 mW in order to avoid sample damage. UV/Vis measurements 

were performed using a halogen lamp as excitation and the monochromator 

and photonic detector of a PTI QuantaMasterTM Spectrofluorometer (Photon 

Technology International) system as a detector with FeliX32 software. 

2.3. Functionalization of single-walled carbon nanotubes 

Carboxylated carbon nanotubes (c-SWNTs) were prepared by adding into a 

glass flask 100 mg of single-walled carbon nanotubes to 20 mL of 

H2SO4/HNO3 mixture (3:1). The mixture was refluxed for 1 h. Afterwards, diluted 

fractions of the mixture were centrifuged at 10000 rpm for 10 min and washed 

with water until the supernatant phase ceased to have acidic pH. Finally, 

carboxylated derivates were dried at 60ºC in a heater. After the acid treatment, 

the SWNTs were negatively charged by covalently attached carboxylic (-COOH) 

groups on the sidewalls and the open ends which make them highly soluble in 

water. The method of carboxylation is based on the described by Xue and 

Cui [20] with some modifications. 

2.4. c-SWNTs preconcentration procedure 

2 mL of river water sample containing 3.12 mM of CTAC (from a 0.1 M stock 

solution) at a pH=1.4, adjusted with HCl 1 M, were treated with 0.1 g of ionic 

liquid (BMIM PF6). The system was manually shaken for 30 s. Then the system is 

allowed to stand in order to achieve ionic liquid from water phase separation. 

The river water samples were fortified with certain volume of a stock solution of 

carboxylated single-walled carbon nanotubes, the solution was homogenized 

and mixed for 2 h. The pH of the solution is acid due to the carboxylic groups in 

carbon nanotubes and it was adjusted to 1.4 for the extraction. For Raman 

measurements 10 µL of the extract were filtered through a Millipore cellulose 

membrane with a pore size of 5 µm, where the nanotubes are homogeneously 
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retained. Carbon nanotubes are retained in the membrane owing to their length 

and flexibility by physic impediment, since there is a network of pores in the 

membrane and not straight holes. The viscosity of ionic liquid phase in this case 

helps to their retention. A home-made designed microfiltration device with 

sandwich configuration (Fig. 1) was employed. The diameter of filtration is 

1.3 mm. Both, the volume of ionic liquid phase and the diameter of filtration 

were optimized in order to have an appropriate signal in Raman spectroscopy. 

For samples with very low concentration (<0.8 mg L−
1
), a modified procedure is 

proposed. Maintaining the proportion of ionic liquid to water, the volumes can 

be increased. Finally, instead of 10 µL, a major volume is filtrated on the 

cellulose membrane. 

 

 

Figure 1. Scheme of the microfiltration device. 
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Raman measurements were performed with a 785 nm laser with a power of 

28.5 mW. A 1-sec CCD exposure was used, averaging the Raman signal over 10 

signal acquisitions. Raman measurements were acquired from five randomly 

selected locations within each membrane and repeated over three samples, 

giving a total of 15 Raman measurements for each nanotube concentration. For 

these measurements a 20x objective was employed, resulting in an area of 

measurement in each spot of 109 µm of diameter. It should be remarked the 

homogeneity of carbon nanotubes in the membrane since spectra measured at 

different points of the sample provide a similar signal. 

3. Results and discussion 

3.1. Selection of the ionic liquid 

The interaction of imidazolium-based ionic liquid with single-walled carbon 

nanotubes through weak van der Waals interaction has been described [19]. The 

ionic liquids can effectively shield the strong π-π stacking interaction among 

SWNTs. The objective of this work was to take advantage of this affinity in order 

to develop an extraction procedure which allows preconcentration of the 

analyte (carboxylated carbon nanotubes), so the main requirement that ionic 

liquid must fulfill is a low solubility in water although both water-soluble and 

insoluble ionic liquids containing 1-butyl-3-methyl imidazolium cation has been 

proved to interact with carbon nanotubes. Ionic liquids' solubility is dependent 

on its anion, presenting a low solubility in water those composed by 

hexafluorophospate (PF6
−), so they are suitable for the purpose of our work. For 

this reason, the selected ionic liquid was 1-butyl-3-methylimidazolium 

hexafluorophosphate (BMIM PF6). Additionally, it has been demonstrated the 

suitability of 1-hexyl-3-methylimidazolium hexafluorophosphate (HMIM PF6) to 

perform the extraction procedure. 
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3.2. Effect of the amount of cationic surfactant 

The negatively charged nanotubes are covered by cationic surfactant molecules 

forming ionic pairs. Thus, the effect of the amount of a cationic surfactant, CTAB 

and CTAC, on the extraction procedure was studied. Similar results were 

obtained for both surfactants in terms of carbon nanotube extractions; however 

CTAC was selected because it produces lower modifications in the viscosity of 

the ionic liquid. The influence was studied in a range 0.4–35 mM of CTAC. The 

signal of carbon nanotubes extracted on ionic liquid increased when increasing 

the amount of CTAC up to 3.12 mM, being observed a better dispersion of the 

nanotubes within the ionic liquid. From these results, the optimum amount of 

CTAC was selected to be 3.12 mM. 

3.3. Effect of the pH 

We have observed that when carboxylated single-walled carbon nanotubes are 

put in contact with ionic liquid, the extraction is not quantitative and carbon 

nanotubes are not homogeneously distributed in the ionic liquid phase. As the 

carboxylated carbon nanotubes are negatively charged it may influence the low 

efficiency of the extraction. Thus, pH is thought to be a variable that may 

condition the performance of the extraction. By decreasing the pH the negative 

charge of the nanotubes may be neutralized and the protonated carboxylate 

specie extracted in the ionic liquid phase. We studied the influence of the pH in 

the range 0.72–3.32 (3.32 is the pH of the initial solution), adjusting the pH with 

a solution of HCl 1 M. The best results were obtained for a pH of 1.37, at which 

most of the carboxylic groups will be protonated. We discarded the adjustment 

of the pH as the only step to improve the extraction by neutralizing the charges 

due to the fact that although the extraction was quantitative, the ionic liquid 

phase with the carbon nanotubes within it showed to be more homogeneous 

when CTAC was present. 
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Consequently, we also studied the influence of the pH in the extraction with 

CTAC present in the media at the optimized concentration. The study was 

conducted in a range 1.10–3.46, finding that in this case the pH plays a less 

significant role in the efficiency of the extraction. Nevertheless, prior extraction 

with ionic liquid the pH was adjusted to 1.4. Probably CTAC molecules 

surrounding the carbon nanotubes are not enough to neutralize the negative 

charges due to steric impediment, thus a decrease of pH benefits the extraction. 

3.4. Selection of the nature of the membrane 

The microfiltration of the extracted nanotubes in the ionic liquid was assayed 

with membranes of different nature: cellulose, PTFE and PVDF, with a diameter 

of pore of 5.0 µm. Carbon nanotubes are retained in the membrane owing to 

their length and flexibility by physic impediment. Moreover, the viscosity of the 

ionic liquid creates a lattice of carbon nanotubes that remains retained on the 

membrane after vacuum filtration. Excess of ionic liquid is removed by filtration 

and the one that remains adsorbed on carbon nanotubes surface is used to 

normalize spectra of carbon nanotubes. 

PVDF and cellulose membranes showed less operational problems maintaining 

their integrity after the filtration procedure, while the PTFE ones tended to 

wrinkle. A cellulose membrane was finally selected because it was easier to 

handle and the nanotubes were homogeneously distributed. This membrane do 

not interfere in Raman measurements and it is not damaged during the laser 

irradiation. 

3.5. Raman spectra of carbon nanotubes in ionic liquid retained in the 

membrane 

The most significant Raman spectral features for single-walled carbon 

nanotubes are the radial breathing mode (RBM, 100–300  cm−1), the disorder 
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peak (D peak, ∼1350 cm−1), the tangential mode (G band, 1400–1700  cm−1), and 

the second-order overtone of the D peak (G', 2500–2800  cm−1) [21]. The RBM 

band is originated from the out-of-plane tangential acoustic modes of 

monolayer graphene sheet and all carbon atoms vibrate in phase along the 

radial direction [22]. It is the characteristic mode for SWNTs, although can 

sometimes be observed in MWNTs with a small diameter inner tube (less than 

2 nm) when good resonance condition is established [23]. The G-band, in the 

case of SWNTs, comprises several tangential modes due to stretching vibrations 

in SWNT sidewall C-C bonds. Two double resonance features commonly found 

in the Raman spectra of CNTs bundles are the D-band feature, stemming from 

the disorder-induced mode in graphite with the same name [24], and its second 

harmonic, the G' band. In nanotubes, both the D-band and the G'-band are 

sensitive to the CNT diameter and chirality, since these features depend 

sensitively on how the 2D electronic and phonon structure is folded into a 1D 

structure. In the case of carboxylated carbon nanotubes a difference in the 

spectrum with respect to pristine carbon nanotubes is a distinctive D-band to G-

band intensity ratio [25]. 

In the spectra obtained with this procedure the most predominant bands are D 

and G, while the RBM was barely distinguishable (see Fig. 2). The intensity of the 

D band has been used in order to quantify the samples. Ionic liquid bands also 

appear in the spectrum, such as a characteristic one at 739 cm−1 produced by 

the symmetric stretching of PF6
-
 anion, which was used as internal reference to 

normalize the spectra. It must be pointed out that there is no effect of the 

surfactant on the Raman spectrum of carbon nanotube after the filtration step. 
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Figure 2.  Raman spectrum of carboxylated single-walled carbon nanotubes 

preconcentrated in ionic liquid and microfiltrated on a cellulose membrane. The peak at 

739 cm
−1

 corresponds to the ionic liquid (BMIM PF6). The bands at 1313 and 

1595 cm
−1

 correspond to the D and G band of carbon nanotubes, respectively. 

 

The instrumental variables for measurement were optimized. We studied the 

influence of laser power in the spectra. The optimum laser power was found to 

be 28.5 mW with a laser wavelength of 785 nm. This power was selected due to 

the fact that it proved to be enough to record a good spectrum higher laser 

powers resulting into sample damage. 

Furthermore, spectra were performed with an acquisition time ranging from 0.5 

to 20 s and a number of acquisitions ranging from 1 to 10. The minimum time 

of acquisition necessary to visualize the spectrum has been proved to be 1 s, but 

it is necessary to accumulate more than one spectrum in order to achieve a 

good signal-to-noise ratio. A compromise between the duration of the 

acquisition and the quality of the spectrum has to be reached being 10 

acquisitions enough to record an acceptable spectrum. Thus, the better 

conditions in terms of shape of the spectrum and duration of the acquisition 

were 1 s accumulating a sum of 10 spectra. 
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3.6. Analytical features of the proposed method 

The analytical performance of the proposed method was studied in order to 

evaluate its usefulness for quantitative analyses. Calibration graphs of the 

analytical signal versus concentration for standard solutions were registered. 

The intensity of the D band of carbon nanotubes in the Raman spectra divided 

by the intensity of the ionic liquid band at 739 cm−1 was adopted as analytical 

signal. 

The calibration curve was determined for concentrations ranging from 0.6 to 

4 mg L−
1
. Each concentration level was analyzed in triplicates (measuring each 

sample at five randomly selected location in the membrane), and the response 

was linear in the range of concentrations tested (R
2
=0.9856). The precision of 

the measurements was evaluated at a concentration of 1.4 mg L−
1
 obtaining a 

relative standard deviation (n=5) of 3.2%. The detection and quantification limits 

were calculated as three and 10 times the signal of Sa between the scope and 

were 0.169 and 0.565 mg L−
1
, respectively. In the case of the modified procedure 

for large volume (samples with a concentration <0.8 mg L−
1
), the limit of 

detection was 0.050 mg L−
1
. The interval of linearity was from 0.07 to 0.8 mg L−

1
, 

which was the measured interval. In this case the RSD for a concentration of 

0.8 mg L−
1
 was 12.6%, higher than with the normal procedure, but with this 

modified protocol we can determine carbon nanotubes at lower concentrations. 

The analytical features of the developed method are summarized in Table 1. 
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Table 1. Analytical features of the method 

Calibration equation S=(0.54±0.03)[c-SWNTs]+(0.39±0.01) 

R
2
 0.9856 

Lineal range 0.4-4 mgL
-1

 

LOD
a
 0.169 mg L

-1
 

LOD
b
 (Large volume procedure) 0.050 mg L

-1
 

RSD
c
 (%) 3.2% 

RSD
d
 (%) (Large volume procedure) 12.6% 

[c-SWNTs]: Concentration of c-SWNTs in the aqueous media in mgL
-1

.  
a,b

Limit of detection, determined as (3Sa)/b, for y=bx+a. 
c
Relative standard deviation, determined from five measurements of 1.4 mgL−1

 c-SWNTs. 
d
Relative standard deviation, determined from five measurements of 0.8 mgL

-1
 c-SWNTs. 

3.7. Application to the determination of water-soluble carboxylated carbon 

nanotubes in river water samples. 

In order to check the analytical usefulness of the proposed method, samples of 

water from Guadalquivir river were fortified and analyzed following the 

recommended procedure. Before fortification the samples were analyzed and no 

carbon nanotubes were found in them since the analytical signal was equal to 

zero. 

To demonstrate the accuracy of the proposed method, a recovery test of the 

analysis of spiked samples was also carried out. For the recovery study, four 

fortification levels were assayed being the recoveries values shown in Table 2. 

The obtained results displayed good agreement obtaining acceptable recoveries 

between 70.1% and 101.7% depending on the concentration level. Each sample 

was analyzed in triplicate in order to evaluate the precision of the method. The 

coefficients of variation ranged from 8.98% to 3.63%. 
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Table 2. Recovery study of spiked river samples. 

  Sample 

Added 

concentration 

(mgL
-1

) 

Found 

concentration
a
 

(mgL
-1

) 

Recovery (%) RSD(%) 

 1 0.94 0.68±0.08 70.1-81.2 8.98 

 2 1.41 1.11±0.07 73.8-84.6 4.98 

 3 1.88 1.83±0.08 92.8-101.7 3.63 

 4 2.35 2.2±0.1 93.9-100.3 4.04 

a
Average of three independent spiked samples±CI (p < 0.05). 

 

Interferences of other components of the matrix have not shown effect on the 

performance of the extraction procedure. Selectivity is achieved in the first place 

by the use of ionic liquid for the extraction acting as a sieve for other 

components present in water samples. 

4. Conclusions 

It has been demonstrated that ionic liquid with a cationic surfactant are a good 

combination for the extraction of carboxylated single-walled carbon nanotubes 

from river water samples. Thanks to the high affinity of imidazolium group for 

the carbon nanotube, it is possible to preconcentrate the nanotubes in a low 

volume of ionic liquid. Regards detection, carbon nanotubes present a 

characteristic Raman spectrum which has been used as analytical signal. It 

should be remarked that the use of a cationic surfactant is crucial for avoiding 

the carbon nanotube aggregation within the ionic liquid phase and then for 

obtaining a homogeneous dispersion of carbon nanotubes on the membrane, 

which allow for quantitative and reproducible Raman measurements of the 

extracted nanomaterials. 
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The limit of detection achieved with the proposed methodology is 50 µg L−
1
, 

which is higher than the estimated concentrations reported until date. However 

this work can be considered as a first approximation to the quantification of this 

nanomaterial in water matrices. It could be applied as screening method to 

control the release of this nanomaterial in the source points of contamination, 

such as factories, landfills and wastewater effluents, where concentrations of 

carbon nanotubes will be considerably higher. 
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V.2. DETERMINACIÓN MEDIANTE 

ESPECTROSCOPIA RAMAN AMPLIFICADA 

EN SUPERFICIE (SERS) 

El descubrimiento de la dispersión Raman amplificada en superficie (SERS) abrió 

una nueva vía para la espectroscopia Raman. En los últimos años el interés por 

SERS se ha revivido, dado el descubrimiento de la detección de una sola 

molécula mediante SERS y los avances alcanzados en Nanociencia y 

Nanotecnología. Un impedimento clave para un uso más común de sensores 

basados en SERS es la falta de estrategias sencillas y robustas de fabricación de 

sustratos SERS reproducibles con un elevado y estable incremento Raman
1
.   

Después de un amplio debate, actualmente se acepta que al efecto SERS 

contribuyen dos mecanismos: uno electromagnético y otro químico, siendo el 

primero el responsable en mayor medida del aumento observado. El incremento 

electromagnético está causado por la excitación de la oscilación colectiva de los 

electrones de conducción en una nanopartícula metálica
2
, lo que resulta en un 

incremento del campo local que experimenta una molécula adsorbida en la 

superficie de la nanopartícula. El efecto químico es otro mecanismo 

independiente que aumenta la dispersión Raman del analito adsorbido en la 

superficie metálica
3
. La proximidad entre el metal y las moléculas de analito 

adsorbidas en la superficie provoca un acoplamiento electrónico por un 

mecanismo de transferencia de carga. 

                                                           
1
 H. Ko, S. Singamaneni, V.V. Tsukruk, Small 4 (2008) 1576–1599. 

2
 A. Knoll, Ann. Rev. Phys. Chem. 49 (1998) 569–638. 

3
 A. Otto, J. Raman Spectrosc. 36 (2005) 497–509. 
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El capítulo 12 describe el uso de las nanopartículas de oro sin ligandos en 

superficie obtenidos mediante el método de síntesis propuesto en el capítulo 3 

para formar un sustrato SERS que permite la determinación sensible de 

nanotubos de carbono carboxilados (c-SWNTs). Asimismo se ha comparado la 

eficiencia de dichas nanopartículas con AuNPs cubiertas con citrato. Dada la 

simplicidad del procedimiento y las pequeñas cantidades de NPs que se 

necesitan, para cada medida se prepara un nuevo sustrato evitándose 

limitaciones de tiempo de vida y reutilización del sustrato.   
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The paper proposes a simple and portable approach for the surface enhanced 

Raman scattering (SERS) spectroscopy in situ determination of carboxylated 

single walled carbon nanotubes (SWNTs) in river water samples. The method is 

based on the subsequent microfiltration of a bare gold nanoparticles solution 

and the water sample containing soluble carbon nanotubes by using a home-

made filtration device with a small filtration diameter. An acetate cellulose 

membrane with a pore size of 0.2 µm first traps gold nanoparticles to form the 

SERS-active substrate and then concentrates the carbon nanotubes. The 

measured SERS intensity data were closely fit with a Langmuir isotherm. A 

portable Raman spectrometer was employed to measure SERS spectra, which 

enables in situ determination of SWNTs in river waters. The limit of detection 

was 10 µg L
-1

. The precision, for a 10 mg L
-1

 concentration of carbon nanotubes, 

is 1.19% intra-membrane and 10.5% inter-membrane.  

Keywords: Carboxylated single walled carbon nanotubes, Surface-enhanced 

Raman scattering, Gold nanoparticles, Cellulose membrane. 
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1. Introduction 

Carbon nanotubes (CNTs) have attracted much attention since their discovery 

[1]. The increasing use and disposal of these nanoparticles (NPs) will lead to 

their accumulation in the environment. The effectively monitoring of their 

occurrence requires the development of quantitative analytical techniques for 

determining their concentration in the environment. Probabilistic material flow 

analysis from a life-cycle perspective of engineered nanomateriales containing 

products has been used in order to predict the environmental concentration at 

which carbon nanotubes may be present. In this sense, Gottschalk et al. [2,3] 

predicted CNTs concentration at the ng L
-1

 range in sewage treatment plant 

(STP) effluent in Europe, which is a constraint from the point of view of the 

actual analytical methods available for CNT detection. 

Carbon nanotubes are highly water insoluble and tend to aggregate, which 

hampers their characterization and determination in aqueous environments [4]. 

In order to reduce aggregation and improve their solubility, different strategies 

of carbon nanotube functionalization have been developed [5–7]. Among them, 

carboxylation is commonly employed in industry to achieve aqueous dispersion 

of CNTs and further functionalization via carboxyl group [8]. As much de-

bundled and individually suspended CNTs are, they will remain longer in the 

water column [9]. Oxidized carbon nanotubes are, thus, likely to be present in 

aqueous environmental compartments [10] and hence the importance of 

developing methodologies for their determination and quantification. There are 

still few approaches to their quantification in natural media. Carboxylic carbon 

nanotubes from surface waters have been preconcentrated by using a filter 

modified with carbon nanotubes and subsequently determined by capillary 

electrophoresis [11]. In addition, carboxylated single walled carbon nanotubes 

(c-SWNTs) in waters have been subjected to microliquid–liquid extraction in 
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ionic liquid, microfiltrated in a membrane and finally determined by Raman 

spectroscopy [12]. 

Surface-enhanced Raman scattering (SERS) spectroscopy is a powerful 

technique for carbon nanotube characterization. SERS enhancement is produced 

at the so-called hot spots, consisting of two or more coupled metallic 

nanoparticles with closely spaced features [13]. Two mechanisms                        

–electromagnetic and chemical– are responsible for the enhancement, the 

electromagnetic being the most predominant [14]. SERS substrates have been 

traditionally composed by highly ordered arrays of metallic nanoparticles in 

order to obtain high sensitivity and reproducibility [15]. An impediment for a 

widespread use of SERS-based sensors is the lack of facile fabrication strategies 

for reproducible SERS substrates with large and stable Raman enhancement 

[15]. SERS studies of carbon nanotubes using metallic periodic structures have 

been described [13,16–18], in order to investigate defects [19] and 

transformations [20,21] in CNT structure as well as the influence of different 

conditions (i.e. low temperature) [22] on the feature bands which appear in the 

SERS spectrum [23]. Other attempts have included the mixture of Au hydrosols 

and SWNTs to form a solid film [24], the deposition of a nanometric Ag layer by 

electron-beam metal evaporation at high pressure [25] and the use of metal-

coated filter paper to study defect, diameter and SERS mechanism of SWNTs 

[26]. Furthermore, a modified silver electrode has been also used as substrate 

[27]. Recently, a 3D substrate formed by gold nanoparticles deposited at the 

end of vertically aligned CNTs has been described [28]. 

In this work, a simple SERS substrate is fabricated by using a home-made 

microfiltration device that allows the subsequent microfiltration of gold 

nanoparticles – forming the SERS active substrate – and c-SWNTs water 

solutions on an acetate cellulose membrane. Due to the simplicity of the 

procedure and the low quantities of nanoparticles needed, a new substrate is 
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prepared for each measurement which overcomes the limitations of substrate 

shelf-life and reusability. The suitability of gold nanoparticles obtained by using 

a new synthetic procedure in which stainless steel acts as reductant agent, 

leading to nanoparticles without ligands or stabilizers on their surface, has been 

proved. Moreover, its performance has been compared with those of gold 

nanoparticles synthesized by citrate reduction method. The procedure shows 

relatively low variability being possible to fit the data with a Langmuir isotherm. 

Thus, the potential of the proposed procedure to quantify carboxylic carbon 

nanotubes in water has been demonstrated. 

2. Methods 

2.1. Materials and reagents 

SWNTs were obtained from Shenzhen Nanotech Port Co. Ltd (NTP) (China), with 

a purity over 90%, an outer diameter of <2 nm, a length of 5–15 µm and a 

special surface area of 500–700 m
2
 g

-1
. H2SO4 and HNO3 were purchased from 

Panreac (Barcelona, Spain). Acetate of cellulose membranes of 0.2 µm pore size 

and nylon membranes with a pore size of 0.45 µm were purchased from 

Sartorius Stedim Biotech (Germany) and Supelco (USA), respectively. HAuCl4 

(Sigma Aldrich), sodium citrate dihydrate 99.5% (Sigma Aldrich) were used to 

synthesize the gold nanoparticles. Before synthesis the materials were washed 

with a mixture 1:3 of nitric acid and hydrochloric acid (PANREAC). Chemicals 

were used as received with safety precautions taken as according to their 

respective material safety data sheet. 

2.2. Equipment 

Raman measurements were performed with a portable Raman spectrometer 

system provided by B&W TEK Inc., known as inno-Ram with a wavelength of 785 

nm and a maximum laser output power of 285 mW in the probe. For 
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measurements the laser power at the probe was 5.7 mW in order to avoid 

sample damage. 

UV/vis measurements were performed using a halogen lamp as excitation and 

the monochromator and photonic detector of a PTI fluorescence Master system 

as a detector. TEM images were recorded using a PHILIPS CM-10 system. 

Characterization of the nanoparticles was performed using an AFM 5500 by 

Agilent equipped with NCL-W Point probe-Silicon SPM-cantilevers. For AFM 

studies at AuNPs, a piece of silicon wafer was covered with AuNP suspension, 

dried, and then imaged by AFM in tapping mode with a resonance frequency of 

190 kHz and a force constant of 48 N m
-1

. SEM measurements were performed 

with a Quanta 3D FEG, FEI Company (Eindhoven, Nederland) equipped with an 

EDX detector. 

2.3. Stainless-steel assisted synthesis of gold nanoparticles 

Gold nanoparticles were synthesized by using a new proposed method [29], 

which is based on the reduction of the HAuCl4 by H2 mediated by the iron 

contained in stainless steel at ambient conditions. All glassware was cleaned 

with freshly prepared aqua regia (HNO3:HCl 1:3 mixture) and then rinsed 

thoroughly with distilled H2O prior to use. A piece of 304-stainless steel (12.9 

mm
2
 of total surface) was introduced into 100 µL of a 0.2 mg mL

-1
 aqueous 

solution of HAuCl4. The dimensions of the vial employed were diameter 1.3 cm 

and 3.3 cm height. Despite the reaction takes place at room temperature, in 

order to reduce reaction time, synthesis was conducted at 50 ºC. The stainless 

steel substrate is simultaneously used as stirrer during the reaction. 

2.4. Citrate reduction synthesis of gold nanoparticles 

Gold nanoparticles were synthesized according to the method proposed by 

Turkevich et al. [30] with some modifications, as described elsewhere [31]. 
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Firstly, the glass material was washed with a mixture 1:3 of nitric acid and 

hydrochloric acid and then rinsed with distilled water and dry prior use. 

Solutions of HAuCl4 and sodium citrate were prepared in Milli-Q water and 

filtered through a 0.45 µm nylon membrane prior use. For the synthesis 50 mL 

of a 0.01% HAuCl4 solution were heated while being magnetically stirred. After 

the boiling point, 0.254 mL of a 1% of sodium citrate solution was added to 

react. Then the system was left for 15 min under stirring. Afterwards, 5 mL of 

0.01% HAuCl4 solution and 0.254 mL of a 1% of sodium citrate solution were 

added to the system. After 15 min of reaction the heater was switch off and the 

system was stirred until reach room temperature. The final solution containing 

gold nanoparticles was stored in an amber bottle at 4ºC. 

2.5. Functionalization of single-walled carbon nanotubes 

Carboxylated carbon nanotubes (c-SWNTs) were prepared by adding 100 mg of 

single-walled carbon nanotubes to 20 mL of a 3:1 H2SO4/HNO3 mixture into a 

glass flask as described in [12]. The mixture was then refluxed for 1 h; diluted 

fractions of it were centrifuged at 10,062 g for 10 min and washed with water. 

The centrifugation process was repeated until the supernatant phase stopped 

having acidic pH. Finally, carboxylated derivates were dried at 60ºC in a heater. 

After acid treatment, SWNTs present covalently attached carboxylic (-COOH) 

groups on the sidewalls and the open ends, being negatively charged, which 

make them highly water soluble. The carboxylation method is based on that 

described by Xue and Cui [32] with slight modifications. 

2.6. SERS measurements 

SERS measurements were performed on a substrate composed of gold 

nanoparticles on commercial acetate of cellulose (pore size of 0.2 µm) or nylon 

(pore size of 0.45 µm) membranes. The membrane is placed on a home-made 

microfiltration device (with a diameter of filtration of 1.3 mm) and a suitable 
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amount of gold nanoparticles is placed on it. The membrane traps the gold 

nanoparticles forming a SERS active substrate. Then, an adequate volume of 

aqueous sample containing the water soluble carboxylated single-walled carbon 

nanotubes is passed through the membrane and nanotubes are adsorbed and 

concentrated on the previously deposited gold nanoparticles. 

The membrane is analyzed using SERS detection by means of a portable Raman 

spectrometer with a 785 nm diode laser. For each carbon nanotube 

concentration three different membranes were prepared. SERS measurements 

were acquired from three randomly selected places within the membrane, 

resulting in a total of nine SERS signals. The laser power was set to 5.7 mW. A 1-

s acquisition was employed for measurements averaging the signal of 10 

acquisitions. The intensity of carbon nanotubes G band around 1583 cm
-1 

has 

been selected as analytical signal and subsequently used in order to quantify 

the samples. 

3. Results and discussion 

3.1. Characterization of stainless-steel assisted gold nanoparticles 

Bare gold nanoparticles obtained by the stainless steel assisted procedure have 

been characterized by ultraviolet–visible spectroscopy, scanning electron 

microscopy (SEM), transmission electron microscopy (TEM), and atomic force 

microscopy (AFM) in order to determine their size and shape (Fig. 1). AuNPs 

appear homogeneous in shape and size and of polygonal yet nearly spherical 

shape. The size distribution of these nanoparticles is narrow being well 

dispersed with neither aggregates nor rods observed. AFM studies allowed the 

calculation of the nominal colloid size which was 21±9 nm. 

Gold nanoparticles were also characterized by ultraviolet–visible spectroscopy. 

Their average diameter was calculated according to the procedure described by 
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Haiss et al. [33], resulting in an approximated diameter of 26 nm, value which is 

in the range provided by AFM studies. The concentration of the stock solution 

was also determined from the UV/vis spectrum according to Haiss [33]. By using 

the calculated diameter of the nanoparticles, ε450 can be estimated as well as the 

concentration in mol L
-1

 from the absorption A at 450 nm. The calculated 

concentration of gold nanoparticles was 1.5×10
-10

 M, which is in the same 

range than concentrations obtained for nanoparticles synthesized by other 

procedures [31]. 

 

Figure 1. (a) TEM image of individual gold nanoparticles obtained through stainless steel 

assisted synthesis, the inset shows their size distribution resulting in dave = 20±6 nm. (b) 

UV–vis spectrum of the synthesized gold nanoparticles. 

 

3.2. SERS spectra of carboxylated single walled carbon nanotubes (c-

SWNTs) 

Single walled carbon nanotubes Raman spectra are featured by the following 

bands: (i) the radial breathing mode (RBM, 100–300 cm
-1

), in which all carbon 

atoms vibrate in phase along the radial direction [34], (ii) the disorder peak (D 

peak, ∼1350 cm
-1

), stemming from the disorder-induced mode in graphite with 

the same name [35], (iii) the tangential mode (G band, 1400–1700 cm
-1

), which 
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comprises several tangential modes due to stretching vibrations in SWNT 

sidewall C-C bonds, and (iv) the second-order overtone of the D peak (G’   2500–

2800 cm
-1

) [36]. The RBM is characteristic of SWNTs, although can sometimes be 

observed in MWNTs with a small diameter inner tube if good resonance 

condition is established [37]. The spectral difference of carboxylated carbon 

nanotubes compared with pristine carbon nanotubes is a distinctive D-band to 

G-band intensity ratio [38]. 

When carbon nanotubes are in contact with metallic nanoparticles two effects 

might contribute to the enhancement of their Raman signal. Firstly, the 

collective oscillation of electrons in metallic nanoparticles leads to the so-called 

plasmon resonance. This plasmon can resonate with the energy of the excitation 

laser, exhibiting, thus, high local optical fields (electromagnetic field 

enhancement). On the other hand, the electronic interaction between carbon 

nanotubes and metal nanostructures can result in an increased Raman signal 

(“chemical” enhancement) [14]. SERS spectrum of carbon nanotubes has been 

described [26] to show both an enhancement of SWNTs Raman bands, but also 

the appearance of new bands. An increase in G band has been also observed by 

Pauzauskie et al. [39] when having c-SWNTs placed in a small electric field, 

which supports the electromagnetic mechanism. In this work, the SERS intensity 

of the G band around 1583 cm
-1

 has been selected as analytical signal and 

subsequently used in order to quantify the samples. 

The instrumental variables for Raman measurement have been optimized. 

Firstly, the influence of laser power in the spectra has been studied, finding that, 

the optimum laser power was 5.7 mW with a laser wavelength of 785 nm. 

Moreover, spectra were recorded with an acquisition time ranging from 0.5 to 

20 s and a number of acquisitions ranging from 1 to 10. The best conditions in 

terms of sensitivity of the spectrum and duration of the acquisition were 1 s 

accumulating a sum of 10 spectra. 
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3.3. Optimization of the amount of gold nanoparticles in SERS substrate 

The amount of gold nanoparticles deposited in the membrane will affect the 

SERS activity of the substrate. A study of the optimal volume of gold 

nanoparticles has been carried out by loading increasing volumes of gold 

nanoparticles through the membrane and then loading 5 µL of 40 mg L
-1

 

carboxylated single-walled carbon nanotubes. The intensity of the band 

decreases when loading volumes of gold nanoparticles higher than 10 µL. 

The optimization process was repeated at a lower carbon nanotube 

concentration (8 mg L
-1

), finding in this case that higher amount of gold 

nanoparticles led to better sensitivity to the detriment of reproducibility, since 

calculated RSD in filters with high concentration of gold nanoparticles were 

significantly higher. They also produced fluorescence interferences which mask 

CNT bands preventing them from being determined. Regarding these 

experiments, the optimum volume of gold nanoparticles loaded in the 

membrane was 5 µL. 

Moreover, the deposition order of gold nanoparticles and carbon nanotubes 

was studied. The best results were obtained when gold nanoparticles are placed 

below carbon nanotubes, so this configuration was selected for further 

measurements. 

3.4. Optimization of sample volume 

The dependence of the Raman signal upon sample loading has been also 

studied. A lineal increase in G-band intensity when loading between 5 µL and 25 

µL of carboxylated single-walled carbon nanotubes (5 mg L
-1

) has been found. 

In order to reach a lower limit of detection, higher volumes of carbon nanotubes 

solutions at lower concentration were passed through the membrane by means 

of a flow system by using a peristaltic pump. In fact, a volume of 5 mL of a       
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10 µg L
-1

 c-SWNTs solution was loaded into the membrane allowing measuring 

the Raman signal. A compromise between sensitivity and operational feasibility 

(i.e. regarding loading times) must be adopted according to the concentration 

range of our samples. It could be thought that the limit of detection may be 

improved by increasing the volume of carbon nanotubes above 5 mL. However 

there is a limit of concentration that can be measured since as much diluted 

carbon nanotubes are, higher interferences due to nanotube fluorescence are 

observed, masking the signal of CNTs featured bands. For simplicity, 

experiments have been performed with a sample volume of 5 µL. 

3.5. Selection of the nature of the membrane 

 

 

Figure 2. Comparison of G band height when measuring SERS spectra of c-SWNTs in 

membranes of different nature: cellulose (0.2 µm pore size) and nylon (0.45 µm pore 

size). Measurements were performed at different carbon nanotube concentration 

(filtrating 5 µL of sample solution) into a membrane previously loaded with 10 µL of gold 

nanoparticles. 

 



 Capítulo 12 

 

  
 

437 

Previously described studies have been carried out with acetate of cellulose 

membranes with a diameter of pore of 0.2 µm. A comparison with nylon 

membranes with pore size of 0.45 µm has been conducted. Cellulose 

membranes have been found to be more suitable for the SERS measurements, 

since the yield of retention of gold nanoparticles in the nylon membrane is 

lower than in the case of cellulose membranes due to the higher pore size. Fig. 2 

shows the SERS signal of samples at different concentrations of carbon 

nanotubes when passed through a cellulose or nylon membrane previously 

loaded with 10 µL of gold nanoparticles. 

3.6. Raman enhancement of bare gold nanoparticles coated membrane 

In order to establish the SERS enhancement factor of the gold nanoparticles 

coated membranes, the Raman signal of 5 µL of 100 mg L
-1

 solution of c-SWNTs 

placed onto a membrane without gold nanoparticles was measured and 

compared with the signal obtained when placing 5 µL of 8 mg L
-1

 solution of    

c-SWNTs onto a membrane previously loaded with gold nanoparticles. Fig. 3 

shows both spectra. 

The enhancement factor of the membrane can be calculated by using the 

following equation [40]: 

 

where the intensity I is the height of the G-band of carbon nanotubes at 1583 

cm
-1

 and N represents the total number of analyte molecules deposited in the 

substrate. In our case, instead of the number of molecules, we have used the 

mass of carbon nanotubes passed through the membrane. An enhancement 

factor of 39±1 was determined. This result improves that obtained in fractal 

silver surfaces (increased by a factor ∼1.4–1.7) [41], with Ag nanoparticles 

formed at SWNTs surfaces (∼5–10 times increase) [42], and other described in 

literature by using silver, gold and Ag-core Au-shell nanoparticles, which ranged 

𝐸𝐹 =  
𝐼𝑆𝐸𝑅𝑆

𝐼𝑅𝑎𝑚𝑎𝑛
  

𝑁𝑅𝑎𝑚𝑎𝑛

𝑁𝑆𝐸𝑅𝑆
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from 2.2 to 12.4 when nanoparticles and carbon nanotubes are placed on a 

glass coverslips [43]. In addition, the last mentioned work [43] employed 

metallic nanoparticles whose plasmon resonance matches the wavelength of the 

Raman excitation sources. In this work, a 785 nm laser has been employed to 

carry out SERS measurements due to the fact that experiments with a 532 nm 

laser did not succeed because of the high fluorescence signal stemming from 

carbon nanotubes, such interference being higher as nanotubes are more 

isolated. Taking into account that the laser wavelength is not resonant with gold 

nanoparticles plasmon, obtained results demonstrate the high SERS 

performance of studied bare gold nanoparticles. 

As it can be seen in Fig. 3, the tangential mode is greatly enhanced and 

narrowed, which is in agreement with previous reports on carbon nanotubes 

SERS spectra [43,44]. 

 

Figure 3. Measured Raman spectra for c-SWNTs with and without gold nanoparticles 

loaded in the membrane. Raman spectrum was measured passing through the 

membrane 5 µL of 100 mg L
-1

 solution of c-SWNTs. SERS spectrum was performed 

passing 5 µL of 8 mg L
-1

 c-SWNTs solution through a membrane previously loaded with 

5 µL of gold nanoparticles. 
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3.7. Comparison of SERS enhancement of bare AuNPs with citrate-coated 

AuNPs 

The SERS performance of gold nanoparticles synthesized with stainless steel as 

reducing agent was compared with that achieved when using citrate-coated 

gold nanoparticles. For this task, 5 µL of citrate-coated gold nanoparticles, at 

the same concentration as that of bare gold nanoparticles, were microfiltered on 

0.2 µm pore size acetate of cellulose membrane and measured with the same 

conditions. 

As it can be seen in Fig. 4, the SERS signal obtained with both types of gold 

nanoparticles is of the same order of magnitude. At higher carbon nanotube 

concentrations citrate gold nanoparticles provided a slightly increased signal 

compared with bare gold nanoparticles. However, the reproducibility of 

membranes composed of citrate-coated gold nanoparticles is worse as regards 

the RSD obtained both for measurements within the membrane and between 

different membranes prepared in the same conditions, due to the fact that the 

distribution of citrate-coated gold nanoparticles throughout the membrane is 

less homogeneous, some small aggregates concentrated in some regions of the 

membrane being observed. 

Thus, since the SERS response is similar for both types of AuNPs, and taking into 

account the better reproducibility achieved with stainless steel assisted bare 

gold nanoparticles, these can be considered a good substrate to perform 

quantitative SERS measurements. 
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Figure 4. Comparison of SERS response (in terms of carbon nanotube G band height) at 

different concentrations of c-SWNTs provided by citrate-coated and stainless steel 

assisted synthesized gold nanoparticles. 

 

3.8. Analytical features of the proposed method 

The analytical performance of the proposed method was studied in order to 

evaluate its usefulness for quantitative analyses. The analytical signal – peak 

height of the 1583 cm
-1

 Raman G-band –was plotted against c-SWNTs 

concentration for standard solutions (Fig. 5). 

The calibration curve was determined for concentrations ranging from 5 to 30 

mg L
-1

. Each concentration level was analyzed in triplicates (measuring each 

sample at three randomly selected locations within the membrane). Thus, the 

data points represent the mean value corresponding to three independent 

membranes, being the value of each individual membrane the average of three 

measurements at different spots. Error bars depict the standard deviation of the 

mean value. The response was fitted with the Langmuir isotherm and the fit was 



 Capítulo 12 

 

  
 

441 

found to be excellent in the range of concentrations tested (R
2
 = 0.99459). 

Langmuir equation is y = (a * b * x(1−c))/(1±b * x(1−c)), for which calculated 

parameters are the followings: a = 351.51, b = 0.0011, c = −2.826. As it can be 

seen in Fig. 5, at concentrations above 15 mg L
-1

 the dependence of the signal 

with concentration is almost horizontal. In those cases, samples should be 

diluted in order to be quantified. 

 

Figure 5. Plot of c-SWNTs Raman G band height for different carbon nanotube 

concentrations using acetate of cellulose membrane and the optimized conditions. Red 

line corresponds to the calculated Langmuir equation to which data set has been fitted. 

 

The precision of the measurements was evaluated at a concentration of 10 mg 

L
-1

 obtaining a relative standard deviations (n = 5) of 1.19% for measurements 

within a membrane and 10.5% for measurements in different membranes. The 

analytical features of the method developed are summarized in Table 1. 
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As it has been previously mentioned, the feasibility of detecting low 

concentrations of carbon nanotubes by increasing the volume of sample loaded 

in the membrane has been proved. The detection limit is restricted by the fact 

that as much diluted carbon nanotubes are, higher interferences due to 

nanotubes fluorescence are observed. Thus, the detection limit achieved with 

this procedure was 10 µg L
-1

. This methodology has proved to be more sensitive 

than previous described methods in which a preconcentration step prior 

measurement is needed [12]. 

Table 1. Analytical features of the method 

Calibration equation (Langmuir isotherm)
a
 y = (a*b*x^(1-c))/(1 + b*x^(1-c)) 

R
2
 0.99459 

LOD 10 µg L
-1

 

RSD
b
 (%) (intra-membrane) 1.19% 

RSD
c
 (%) (inter-membrane) 10.5% 

a 
Where a=351.51638 ±7.45067; b=0.00114±0.0008; c=-2.82639±0.3938 and x=c-SWNTs 

concentration in mgL
-1

. 

b
Relative standard deviation, determined from five measurements of 5 µL 10 mgL

−1
 c-

SWNTs within the same membrane.  

c
Relative standard deviation, determined from the average value of five measurements of 

5 µL 10 mgL
−1

 c-SWNTs in different membranes.  

 

3.9. Application to the determination of water-soluble carboxylated carbon 

nanotubes in river water samples 

In order to check the analytical usefulness of the proposed method, water 

samples from Guadalquivir river were analyzed following the recommended 

procedure. No carbon nanotubes were found in them since the analytical signal 
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was equal to zero. Therefore, river water samples were spiked and analyzed 

using the proposed methodology. 

In order to demonstrate the accuracy of the proposed method, a recovery test 

of the analysis of spiked river water samples was also carried out. For the 

recovery study, four fortification levels were assayed; the recoveries values are 

shown in Table 2. The obtained recoveries were between 86.5% and 105.5% 

depending on the concentration level. Each sample was analyzed in triplicate in 

order to evaluate the precision of the method. The coefficients of variation 

ranged from 4.02% to 5.16%. 

Prior analysis, samples were sonicated for 5 min using Vibracell
TM

 75041 

ultrasonic probe (750 W, 20 kHz, Bioblock Scientific, Illkirch, France) equipped 

with a 3 mm probe set at 20% of amplitude in order to obtain a good dispersion 

of the nanotubes in the sample and assure its homogeneity. 

Table 2. Recovery study of spiked river samples. 

  Sample 

Added 

concentration 

(mgL
-1

) 

Found 

concentration
a
 

(mgL
-1

) 

Recovery (%) RSD(%) 

1 5 4.5±0.3 86.5-93.8 4.02 

2 8 8.0±0.6 96.1-105.1 4.50 

3 10 10.3±0.7 97.8-105.5 4.13 

4 15 14±1 91.2-100.5 5.16 

a
Average of three independent spiked samples±CI (p < 0.05). 
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4. Conclusions 

In this work a simple approach to the determination of c-SWNTs in water 

samples is presented. A home-made microfiltration device allows the 

subsequent microfiltration upon acetate of cellulose membranes of bare gold 

nanoparticles in solution –obtained through a new synthetic procedure 

involving stainless steel as reductant-, which will form a SERS active substrate, 

and a certain volume of water sample containing c-SWNTs. The presence of 

metallic nanoparticles produces an enhancement of Raman spectra of carbon 

nanotubes, enabling the sensitive detection of these nanomaterials by means of 

a portable Raman spectrometer. The performance of these new bare gold 

nanoparticles as SERS substrate has been compared with those coated with 

citrate ligands. Due to the simplicity of the procedure and the low quantities of 

gold nanoparticles needed, a new substrate is prepared for each measure which 

overcomes the limitations of substrate shelf-life and reusability. 

The limit of detection achieved with the proposed methodology is 10 µg L
-1

, 

which is higher than the predicted concentrations for carbon nanotubes 

occurrence in effluent water reported until date. Nevertheless, the presented 

procedure is capable of detecting and quantifying small quantities of carbon 

nanotubes in water samples without implying any preconcentration step. 

Detection limit could be improved if problems related to carbon nanotube 

fluorescence when isolated are overcome. Anyway, this simple, affordable and 

portable procedure could be used to the in situ monitorization of the release of 

these nanostructures from point’s source of contamination, such as factories, 

landfills and wastewater effluents, where concentrations of carbon nanotubes 

are expected to be considerably higher. In this work, the two facets of analytical 

nanoscience and nanotechnology are covered. Nanoparticles are considered 

both objects of analysis (carbon nanotubes) and analytical tools (gold 

nanoparticles) improving the detection. 
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V.3. PRECONCENTRACIÓN EN 

MEMBRANAS MODIFICADAS CON 

NANOTUBOS DE CARBONO 

 

Las excelentes propiedades sorbentes de los nanotubos de carbono han 

impulsado el desarrollo de membranas basadas en este nanomaterial, que 

constituyen excelentes soportes para procesos analíticos como la separación o 

preconcentración de materiales de muestras complejas mediante filtración.  

El capítulo 13 es una revisión del potencial de membranas de nanotubos de 

carbono en Química Analítica. Por un lado, se han descrito membranas con 

nanotubos de carbono alineados verticalmente, bien embebidos en una matriz 

o formadas exclusivamente por CNTs; y por otro, membranas formadas por 

entramados de CNTs sobre membranas inertes o los denominados 

buckypapers, constituidos exclusivamente por CNTs. A continuación se 

muestran las principales aplicaciones analíticas de cada tipo de membrana.  

En el capítulo 14 se describe la aplicación de membranas de MWNTs 

depositados en una membrana inerte de celulosa a partir de una dispersión en 

tensioactivos de los mismos para la preconcentración y determinación de c-

SWNTs en muestras ambientales, con posterior cuantificación mediante 

espectroscopia Raman directamente en la membrana. Los analitos (c-SWNTs) se 

retienen en la membrana gracias a las interacciones π-π con los MWNTs. En este 
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caso como señal analítica se ha empleado la relación de bandas G y D, de 

manera análoga al método de caracterización de mezclas de CNTs descrito en el 

capítulo 6.  
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Analytical Chemistry 

82 (2010) 5399-5407 

 

The Potential of Carbon Nanotube Membranes for Analytical 

Separations 

A. I. López-Lorente, B. M. Simonet, M. Valcárcel 

Department of Analytical Chemistry, University of Córdoba. 14071 Córdoba, Spain. 

Advances in nanotechnology have enabled the development of nanoporous 

membranes based on carbon nanotubes, which, by virtue of their exceptional 

properties, constitute excellent supports for analytical processes, including the 

selective separation of some molecules. 
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Optimizing a membrane separation process requires careful control of pore size 

and uniformity in the membrane. In this respect, the inner core of carbon 

nanotubes (CNTs) provides an effective alternative to existing ordered porous 

structures such as anodized alumina or polycarbonate membranes at pore 

diameters of 0.3 nm to 0.6 μm. One major advantage of CNTs is that they 

provide a uniform membrane pore size (typically 6−7 nm with multiwalled 

nanotubes [MWNTs] and 1.3−2 nm with double-walled nanotubes [DWNTs]) 

that can be fine-tuned via the catalyst particle size. CNT-based membranes have 

opened up new prospects for analytical chemistry, such as selective separation 

of microorganisms [1], nanoparticles [2,3], or biomolecules [4] from complex 

samples by filtration. 

Since their discovery in 1991, CNTs have aroused much attention from 

researchers in a number of fields. Thus, their favorable adsorption properties 

have fostered use as sorbent materials in many analytical processes, e.g., as 

sorbents in solid-phase (micro)extraction, stationary phases in GC and LC, or 

pseudostationary phases in CE. More recently, CNT-based membranes have 

been found to possess unique fluid properties; thus, some properties of fluids 

confined at molecular dimensions diverge from those in the bulk fluid. 

The starting point for the development of CNT membranes was the study of 

fluid flow through CNTs by molecular simulation, which revealed that water 

molecules can be carried through nanotubes in a membrane [5] by effect of the 

tight hydrogen bonding network present inside each tube. Transport rates are 

extremely high when the membrane is placed under the influence of an osmotic 

gradient [6]. These theoretical discoveries have been implemented in real 

membranes for efficient water desalting/desalination by reverse osmosis [7]. 

Additional theoretical studies on the analytical possibilities of these membranes 

include one on electrophoretic transport of single-stranded RNA molecules 
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through 1.5-nm-wide pores in CNT membranes [8]. Conformational dynamics 

controlled RNA entry into the nanotube pores, while hydrophobic attachment of 

RNA bases onto pores controlled its exit. Another study predicted binary 

permeance of CH4/H2 mixtures through defect-free (10,10) single-walled 

nanotubes (SWNTs) acting as a membrane at room temperature [9]. CNTs seem 

to be highly selective for CH4 over H2 when a mixture of these gases permeates 

through the membrane. For instance, the binary selectivity for the membrane 

with a pressure drop of 197.4 kPa and a CH4 fraction in feed of 0.3 was 20. 

Finally, a study using molecular dynamics assessed the possibility of separating 

different atom species by using twisted CNTs [10]. 

Molecular dynamic simulations have predicted excellent fluxes for gases and 

water through CNT membranes; this useful property, based on CNTs’ 

hydrophobic nature, has promoted the development of membranes containing 

embedded nanotubes. Liquid flow is 4−5 orders of magnitude faster than 

predicted by conventional fluid-flow theory [11] because of the presence of an 

almost frictionless interface at CNT walls. The presence of MWNTs in 

membranes increased selectivity in the filtration of H2/CH4 mixtures through 

nanocomposite fabricated membranes [12]. In addition, CNT membranes can be 

turned into “gatekeepers” by functionalizing CNT tips [13,14]; this, as explained 

later on, carefully controls fluxes and improves selectivity. More recently, 

membranes based on DWNTs have been fabricated in reduced diameters 

comparable to those used in molecular simulation tests, and mass transport of 

water through them has been confirmed [15]. 

Mass transport in nanoporous media can be useful for many technologically 

important reasons. So far, membranes have been used to deliver therapeutic 

molecules such as drugs and genes through cellular matrices [8], to treat 

nicotine addiction and opioid withdrawal symptoms transdermally [16], and to 
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introduce volatile analytes into mass spectrometers by directly fitting the 

membrane in place of a capillary tube [17]. 

This Feature provides an overview of the state of the art and analytical potential 

of CNT membranes. Though we cannot provide a comprehensive review here, 

interested readers can find further information about nanofluidic transport 

through CNTs elsewhere [18]. This article has been structured in accordance 

with the two main arrangements of CNTs in membranes: vertically aligned or as 

bundles. 

1. Membranes with Vertically Aligned Carbon Nanotubes 

The synthesis and characterization of ordered nanoporous materials is an active 

research area because producing an appropriate membrane structure with a 

highly ordered vertical orientation of pores is a major challenge. At present, the 

problem is usually addressed by embedding CNTs in a matrix (e.g., a polymer or 

silicon nitride) and using them as such to form the membrane. 

CNT membranes contain two different types of pores: those between individual 

nanotubes and those in the nanotube lumina. This allows membranes to be 

established from open-ended nanotubes or from the interstitial spaces between 

nanotubes. 

1.1. Aligned Carbon Nanotubes Embedded in a Matrix 

In some CNT membranes, the interstitial spaces are filled with silicon nitride 

[19] or polymers (polystyrene [20], polysulfone [21]). The spacing between CNTs 

is filled with a continuous matrix, and the usually closed ends of the nanotubes 

are etched open, so filtration occurs through the open nanotubes, the only 

available pathway for mass transport. Synthesis of this type of membrane 

involves chemical vapor deposition (CVD) of nanotubes onto a support such as 

quartz or a silicon chip (Figure 1, ia-ic), followed by filling of the volume 
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between nanotubes with a polymer or silicon nitride (Figure 1, id) and, in free-

standing membranes, removal of the film from the substrate (Figure 1, ie). 

Finally, excess matrix material is removed, and CNT tips are opened by oxidation 

with H2O plasma. 

 

 

Figure 1. (i) Simplified scheme of the synthetic procedure for free-standing membranes 

with vertically aligned CNTs embedded in a polymeric (polystyrene)[17] or silicon 

nitride[13] matrix. The quartz substrates for CVD growth are removed at the end. (ii) 

Method for fabricating vertically aligned CNT membranes by CVD growth of nanotubes 

within the pores of an alumina substrate. Membranes can be directly used (iic) or spaces 

within CNTs filled with a polymer (iid). In addition, the alumina template can be removed 

(ie). Membranes consisting exclusively of vertically aligned CNTs (iie) can be obtained by 

removing the alumina template once nanotubes have been deposited into pores. Finally, 

(iic) membranes can be obtained by CNT dispersion and filtration of the solution through 

a porous membrane. 

 

The difficulty of using free-standing [20] and silicon chip supported [22] CNT 

membranes in large-scale industrial applications has spurred the development 
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of alternative, vertically aligned CNT membranes on porous alumina supports, 

which can be scaled up as needed [23]. The support may have disk geometry or 

a tubular or multichannel structure. Nanotubes are grown on its pores (Figure 1, 

iib-iic), and the inner CNT gaps in the membrane filled with polystyrene 

(Figure1, iid). The synthetic procedure differs in how excess polymer is removed 

from the surface and CNT tips are opened (by mechanical polishing). Some 

authors have successfully used a combination of self-assembly and filtration to 

fabricate a SWNT/polymer (polysulfone) nanocomposite membrane [21]. 

In general, membranes consisting of MWNTs have pore diameters of 6−7 nm. 

However, interest is growing in producing membranes with smaller nanopores-

those in the same size range as the molecules—to facilitate fast transport and 

size selectivity for gas mixtures. Pore sizes of 1.3−2 nm can readily be produced 

by growing DWNTs on a silicon chip [22]. 

Table 1 summarizes the characteristics of vertically aligned CNT membranes. 

Unlike conventional ceramic membranes, which typically have tortuosity factors 

and porosities of 3−5 and 0.3−0.6, respectively, CNT membranes have a near-

unity tortuosity factor but very low areal porosity, which suggest the presence of 

straight pores and large gaps between nanotubes, respectively. CNT membranes 

with porous alumina as support are the least porous because of their low areal 

density. The enhancement over the Knudsen diffusion model increases with 

decreasing pore size or increasing Knudsen number (i.e., the ratio of molecular 

mean free path to pore diameter). Knudsen diffusion occurs when the mean free 

path of the gas molecules is larger than the pore radius of the membrane and 

there are more collisions with the pore walls than between gas molecules. The 

enhancement indicates that the gas transport takes place primarily through the 

carbon nanotubes, with very little transport through the ultrathin polymer 

matrix. Membranes on porous alumina supports have low areal tube densities 

relative to membranes on dense silicon and quartz supports. 
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Table 1. Comparison of CNT Membranes 

Study Mi et al.
23

 Hinds et al.
20

 Holt et al.
19

  Kim et al.
21

 

Membrane 

structure 

Porous 

alumina 

support 

Free-standing 

(removed from 

dense quartz 

support) 

Silicon wafer PTFE filter 

Matrix Polystyrene Polystyrene Silicon nitride Polysulfone 

CNT layer 

thickness (µm) 
~10 5-10 5 6 

CNT areal 

density (#/cm
2
) 

1.87x10
9
 6x10

10
 2.5x10

11
 7±1.75x10

10
 

CNT structure Multiwalled Multiwalled Double-walled Single-walled 

CNT outer 

diameter (nm) 
20 NA 2 - 

Pore diameter 

(dp) (nm) 
6.3 7.5 1.6 1.2 

CNT tortuosity 

factor (τ) 
1.26 1.1 1 - 

Areal porosity 

(ε) 
6.2x10

-4
 2.7x10

-2
 5.0x10

-3
 - 

Knudsen 

number (λ/dp) 
1.2-2.2 ~1 10-70 - 

Enhancement 

over Knudsen 

model 

~4 ~1 16-120 - 

 

Carboxylated CNTs obtained by oxidation can be easily derivatized by 

carbodiimide chemistry with a molecule that binds to a bulky receptor that can 

open or close the pore entrance (Figure 2). For example, a desthiobiotin (DSB) 

derivative [13] attached to the membrane binds reversibly to streptavidin and 

improves the selectivity of chemical transport across the membrane 

[14]. Incubating a streptavidin-coordinated membrane with biotin caused 
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streptavidin to be released and the flux of methyl viologen (MV
2+

) restored, 

allowing reversible binding to regulate transport through the membrane. 

 

 

Figure 2. (a) Pore types present in a CNT membrane: within and between nanotubes. (b) 

More detailed view demonstrating binding of streptavidin to DSB-functionalized tips of 

CNTs at the surface of a CNT−polystyrene composite membrane. (ib) Open tips of CNTs 

with carboxylic end groups; (iib) DSB-X biotin hydrazine functionalized tip of a CNT; (iiib) 

Streptavidin bound to the functionalized membrane. The structures of DSB-X biotin 

hydrazine and methyl viologen are also shown. Adapted from ref. 13. 

 

Many applications require increasing the density of tethered molecules with 

modest separation factors [14] such as MV
2+

 and Ru(bipy)3
2+

 (1.7−3.6) relative to 

porous alumina, in which separation coefficients can be as high as 1500 

[24]. Electrochemical grafting of functional diazonium salts to exposed CNT tips 

increases functionalization of the latter—and the density of functional molecules 
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as a result. One important constraint is that the molecules binding to CNT pores 

should be small enough not to block the core themselves. Moreover, 

membranes consisting of an array of aligned CNTs and functionalized with 

charged molecular tethers exhibit voltage gated control of ionic transport 

through the cores of CNTs. The selectivity between Ru(bipy)3
2+

 and MV
2+

 flux 

can be as high as 23 with −130 mV bias applied to the membrane as a working 

electrode [25]. 

As noted earlier, despite their hydrophobicity, CNT membranes have the 

exceptional property of allowing fast flow of a fluid such as water, a result of the 

formation of water wires and clusters held by tight hydrogen bonds. Also, water 

wire formation is believed to be important for proton transport, which was 40× 

higher within 0.8-nm-diameter CNTs than in bulk water [26]. This property 

expedites filtration of aqueous solutions, which, together with CNTs’ 

extraordinary ability to adsorb nonpolar analytes via π-π interactions, can 

facilitate some steps of the analytical process. In fact, Raman spectroscopy 

measurements [27] have suggested that gas molecules are adsorbed in the 

inner pores of MWNTs, so sorption must occur on the polymer binding matrix 

or in membrane defects. An ideal membrane must possess a high selectivity and 

high permeance; both properties are dictated by the affinity of the molecules to 

be adsorbed and the relative speed with which they can diffuse through the 

membrane. CNT membranes, which have proved highly compliant with both 

requirements, may thus be the ideal platforms for analytical separations. 

Polymeric membranes containing CNTs have proved useful for transporting gas 

molecules such as N2 [13,14] or aqueous ions such as Ru(NH3)6
3+

 [20], Ru(bpy)3
2+ 

[13,14,25,28], and MV
2+

 [13,14,25]. For instance, a Ru(NH3)6
3+

 flux of 0.07 

μmol/cm
2
h can be raised to 0.9 μmol/cm

2
h by treating the membrane with acid. 

This flux level is comparable to that of ordered alumina membranes [29]. Also, 

the flux of MV
2+

 before binding of streptavidin to a DSB-functionalized CNT 
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membrane [13], 4.8 nmol/cm
2
h, was reduced to 0.2 nmol/cm

2
h upon binding; 

this result testifies to the ability to control the flux by adjusting the membrane 

properties. CNT membranes on silicon nitride have been used to remove some 

small ions such as Cl
−
, K

+
, Ru(bipy)3

2+
, Ca

2+
, and Fe(CN)6

3−
 from aqueous 

solutions [30,31]. 

In the place of a capillary tube, a membrane with CNTs grown within the pores 

of anodic aluminum oxide was directly coupled to a mass spectrometer [17] to 

introduce volatile analytes; the membrane exhibited preferential transmission of 

methane. Conductance decreased with increasing total pressure, but the effect 

decreased progressively for the following sequence of gases: CH4 > N2 > O2 > 

Ar > CO2. 

1.2. Membranes Consisting Exclusively of Aligned Carbon Nanotubes 

The membranes consisting of vertically aligned CNTs described above posses a 

matrix that fills the spaces between CNTs and/or the support onto which 

nanotubes are grown and is subsequently removed in some cases. By contrast, 

the membranes described in this section contain no binder or support. Most are 

obtained by growing CNTs by CVD on a substrate [2,32] such as the pores of a 

microporous alumina template [33,34] or glass [35]; the nanotubes are peeled 

off the membrane at the end of the process (Figure 1, iie). Alumina templates, 

for instance, can be removed by leaching with a NaOH solution [34]. New 

synthetic procedures producing aligned CNTs without a support [36] may in the 

near future enable the direct synthesis of CNT membranes. Figure 3 shows 

scanning electron micrographs of membranes with alumina template. 

This type of membrane can also be obtained with other methods such as 

continuous spray pyrolysis [37], which creates hollow carbon cylinders up to a 

few centimeters in diameter and several centimeters long with walls consisting 

of micrometer-length aligned MWNTs. Alternatively, membranes can be 
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produced by self-assembly of oxidized SWNTs. The surface of a soaked glass 

substrate immersed in a SWNT water dispersion forms a thin film through 

natural vaporization of water. Nanotubes are uniaxially aligned in the direction 

of the air/water/substrate triple line [38], and the membrane is peeled off by 

stirring the glass in water. 

 

 

Figure 3. (a) Scanning electron micrograph of a CNT membrane surface after ion milling. 

The dark areas in the image are open pores, the light rim around the pore is the CNT, 

and the remainder substrate the aluminum oxide film. (b) Cross-sectional scanning 

electron image of a CNT-modified anodized alumina membrane with pore size 200 nm. 

(c) Scanning electron micrograph of a template-synthesized carbon tubular membrane 

after the alumina template is dissolved. The edge (lower part of the image) with the 

tubules and the surface (upper part) are shown. Adapted with permission from refs. 17, 

33, and 34. 

 

One other way of obtaining an array of CNTs is to grow them by CVD into dense 

membranes via the capillary forces of solvent evaporation and then allow them 

to collapse [2]. These membranes have an average spacing between CNTs after 

shrinkage of 3 nm-comparable to the pore size of the nanotubes-and a 

density 8−270x higher than that of previous membranes. Because the interstitial 

pores are not sealed, gases can permeate through both the nanotubes and their 

interstitial pores. 
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These free-standing membranes contain a parallel array of CNTs that spans their 

full thickness. Well-aligned CNTs cannot always be obtained; in some cases, the 

material deposits mainly as bundles of curved CNTs [34]. Electroosmotic flow 

(EOF) can be driven across by separating two electrolyte solutions with the 

membrane and using an electrode in each solution to pass a constant ionic 

current through the nanotubes [39,40]. Based on the EOF direction, the 

nanotubes have negative surface charge that can be boosted by electrochemical 

derivatization with p-aminobenzoic acid. On the other hand, membranes with 

positive surface charge can be prepared by electrochemical derivatization with 

2-(4-aminophenyl)ethylamine. 

 

 

Figure 4. (a) Compression testing of aligned CNT films. A schematic illustration shows a 

nanotube array compressed to folded springs and then regaining its free length upon 

release of the compressive load. (b) Scanning electron micrographs of a membrane both 

compressed and uncompressed. Adapted with permission from refs. 41 and 42. 
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This type of membrane is super-compressible [41] and fully elastic; the pores 

can be tuned simply by mechanical compression and release (Figure 4) [42]. This 

unique property has enabled the separation of species of different sizes within 

the tunable pore size range by simply adjusting the membrane thickness by 

uniaxial compression, eliminating the need to replace the filter. 

An advantage of CNT membranes over conventional filters is that they can easily 

be cleaned by ultrasonication and autoclaving (or purging) to restore their 

filtering efficiency. Other water-filtration membranes (e.g., cellulose 

nitrate/acetate membranes) cannot be reused because they adsorb bacteria 

heavily during filtration. Moreover, CNTs are thermally stable, so their 

membranes can be used at higher temperatures than conventional polymer 

membrane filters ( 400 °C versus 50 °C). In summary, the exceptional thermal 

and mechanical stability of nanotubes and the high surface area and easy and 

cost-effective fabrication of nanotube membranes make them competitive with 

commercially available ceramic and polymer-based separation membranes. 

The membranes described in this section have been used in a variety of 

applications including nanofiltration of gold nanoparticles and N2 adsorption 

[2]. Because no filler is used, they also allow permeation through the interstitial 

spaces. Cylindrical membranes of this type are useful for removing multiple 

components of heavy hydrocarbons from petroleum and for filtering bacterial 

contaminants such as E. coli or the nanometer-sized poliovirus from water [37]. 

Filtering seems to occur mostly through interstitial spaces; however, there might 

be some additional transport through the inner hollow channels of the 

nanotubes. These membranes have also been used to separate a larger 

molecule (triisopropyl orthoformate) from a smaller molecule (n-hexane) during 

pervaporation [2]. This testifies to their potential for separating not only gases—

the permeance of which is roughly 450x higher than predicted from Knudsen 

theory—but also liquid mixtures. 
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2. Membranes with Bundles of Carbon Nanotubes 

Unlike those in membranes described in the previous section, CNTs are not 

aligned vertically in membranes containing bundles of nanotubes. As a result, 

filtration does not rely on size exclusion or sieving in the inner core of the tubes 

but rather on the sorption capabilities of the material. 

2.1. Bundles of Carbon Nanotubes on Inert Membranes 

Unlike buckypapers (below), CNT-modified membranes require an inert 

membrane. There are two different types of filters: those with electrostatic and 

those with covalent interaction of CNTs with the membrane. Because CNT 

bundles are not aligned, they can form aggregates and facilitate interaction of 

the analytes with both their walls and the interstitial spaces. Adsorption of the 

analytes is favored by π-π electrostatic interactions and the typically large 

surface area of CNTs. 

CNT-modified filters are usually prepared by passing a dispersed solution of 

CNTs through a membrane. The nanotubes are dispersed by means of a 

surfactant such as SDS [43] or Triton X-100 [3] or DMSO [1]; alternatively, 

MWNTs functionalized with poly(diallyldimethylammonium) chloride [44] can be 

filtered directly. These membranes are available in various formats including 

cellulose ester membranes [44], PVDF [1], nylon-encased filters [3], or 

qualitative filter paper [43]. When DMSO or a surfactant is used to disperse the 

CNTs, the dispersant must be removed by passing an appropriate solvent such 

as methanol or ethanol through the membrane. 

Some crucial properties of CNTs such as their high surface area, tendency to 

aggregate and form highly porous structures, and antibacterial action (of 

SWNTs) have been exploited to develop membranes incorporating nanotube 

bundles. Among other applications, these membranes have enabled 1) selective 
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isolation and preconcentration of acidic proteins such as BSA [44] (increased 

sample loading and elution flow rates resulted in a 146-fold improvement in the 

sorption capacity of BSA); 2) preconcentration and determination of carboxylic 

SWNTs from spiked environmental water samples [3] (separated 

electrophoretically with recoveries of 70−85% and precision of 6.4−7.3%); 3) 

retention of bacteria, which were effectively inactivated upon contact with a 

SWNT filter, and removal of viruses, which were captured by nanotube bundles 

inside the SWNT layer [1]; and 4) enrichment of phthalate esters, bisphenol A, 4-

n-nonylphenol, 4-tert-octylphenol, and chlorophenols from variable volumes of 

solution [43]. A comparative study showed that a system comprising two 

stacked SWNT disks containing 60 mg of nanotubes exhibited extraction 

capabilities on a par with those of a commercial C22 disk loaded with 500 mg of 

sorbent for nonpolar or moderately polar compounds. The former system 

proved more powerful than the latter in extracting polar analytes and exhibited 

easier desorption after loading [43].  

A membrane-protected CNT micro-solid phase extraction device [45] was 

prepared by enclosing MWNTs within a polypropylene sheet membrane 

envelope that was heat-sealed to secure the contents. The device was used to 

extract organophosphorus pesticides from a stirred solution. The porous 

membrane filtered out extraneous materials, so no further cleanup was required. 

After extraction, the analytes were desorbed in hexane and analyzed by GC/MS. 

The method exhibited good linearity over the concentration range 0.1−50 μg/L, 

RSD values of 2−8%, and low limits of detection (1−7 pg/g) [45]; it also proved 

an accurate, rapid, cost-effective alternative to other microextraction techniques. 

Though they do not necessarily contain an inert membrane, we have included 

nanocomposite membranes in this section because the CNTs within are 

embedded in a polymer matrix that acts as a support for nanotube bundles. The 

unique electronic, adsorptive, mechanical, and thermal properties of CNTs can 
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make these nanocomposite membranes useful for a number of applications that 

may benefit from cooperative and synergistic effects between the polymer and 

carbon phases. The following are a few examples among many illustrating the 

potential of nanocomposite membranes. Nanocomposites of MWNTs with 

poly(bisphenol A-co-4-nitrophtalic anhydride-co-1,3-phenylene diamine) 

[12] and CNTs with poly(vinyl alcohol) (PVA) [46] have been used to successfully 

separate H2/CH4 and benzene/cyclohexane mixtures, respectively. Using a high 

molecular weight CNT concentration resulted in significantly improved 

permeability and selectivity for H2, CO2, and CH4 [12]. With 10% CNT loading, for 

example, the H2/CH4 selectivity was 8 and the CO2/CH4 selectivity 3.8. 

Incorporating CNTs previously dispersed with β-cyclodextrin by grinding into 

PVA membranes was found to boost permeate flux and increase separation 

factors; for example, 50/50 (w/w) benzene/cyclohexane mixtures exhibited a 

permeation flux of 61.0 g/m
2
h and a separation factor of 41.2 at 333 K [46].  

2.2. Membranes Consisting Exclusively of Carbon Nanotube Bundles 

(Buckypapers) 

Nanometer-sized CNTs have a tendency to self-aggregate via strong van der 

Waals forces. This intrinsic property of CNTs can be used to obtain paper-like 

sheets called “buckypapers” from dispersed nanotubes in solution. 

Buckypapers are self-supporting entangled assemblies of CNTs arranged as a 

planar film held together by van der Waals interactions at tube−tube junctions. 

The greatest difference between buckypapers and CNT-modified filters is that 

the inert membrane used to prepare the paper in the former—usually by 

filtration—is removed at the end of the process. As a result, buckypapers consist 

solely of packed bundles of CNTs. Ideally, buckypapers should have all CNTs 

connected with one another to form a network structure and the nanotubes 

should be long and straight [47].  
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This type of membrane has been prepared using DWNTs [48-50] (Figure 5), 

SWNTs [51-53], and MWNTs [54,55]; the most popular method involves 

dispersion and filtration of a suspension of CNTs. Unfunctionalized nanotubes 

tend to agglomerate in solvents, which hinders their filtration. The resulting 

buckypapers are often brittle and tend to crack upon drying. Acid oxidation 

[51] improves dispersion but introduces extensive surface functionalization. One 

alternative procedure uses a surfactant such as Triton X-100 or SDS or a solvent 

such as dimethylformamide [54,56] or acetyl acetone [56]; any residual 

surfactant or solvent remaining after the buckypaper has been prepared should 

be carefully removed. PTFE [49], ceramic [51], and Whatman nylon filters 

[54] have been used for filtration. The ensuing filtration procedures have some 

advantages including homogeneity in the films and the ability to control their 

thickness with nanometric accuracy via the nanotube concentration used and 

suspension volume filtered. 

 

 

Figure 5. Production of pure, clean DWNTs in a high yield. (a) Photograph of DWNT 

buckypaper. The paper (left) is tough and flexible enough to fold into an origami airplane 

(right). Scale bar: 1 cm. (b) Scanning electron micrograph of DWNT paper showing CNT 

bundles. Scale bar: 300 nm. Adapted with permission from ref. 48. 

 

The pore structure of MWNT buckypapers is independent of the type of solvent, 

sonication time, and buckypaper surface density used [56]. However, control 
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over the structure is a prerequisite for engineering buckypaper-based 

separation technology applications [54]. The pore characteristics of buckypapers 

can be controlled via the length distribution of their CNTs. 

Buckypaper-like membranes have also been fabricated in other ways (Figure 6). 

Evaporation of a small amount of a SWNT/oleum dispersion [53] from a Petri 

dish formed a SWNT film, and a large-area double-walled film was obtained by 

spreading purified DWNTs with ethanol or acetone [50]. Another study 

accomplished fabrication of buckypaper from unfunctionalized MWNTs without 

the aid of a surfactant or surface modification technique by using a frit 

compression method [55]. Also, aligned buckypaper was obtained by 

operatively rotating CNTs in vertically oriented arrays (forests) to make self-

supporting 5-cm-wide, 1-m-long transparent sheets [57].  

A macroscopic manipulation procedure for aligned CNT arrays called “domino 

pushing” allowed the “dry”, in situ preparation of aligned, thick buckypapers 

with large areas [47]. The procedure involves three steps: 1) covering the CNT 

array with a piece of microporous membrane and forcing the array down in one 

direction, which attracts nanotubes together via van der Waals forces to form an 

aligned buckypaper; 2) peeling off the membrane from the silicon substrate; and 

3) spreading ethanol to facilitate peeling of the aligned buckypaper off the 

membrane. 

Finally, in a novel approach called “hydroentangling” [58], dry CNT powder is 

directly laid onto a porous support, and the drag force of water jets overcomes 

van der Waals forces to generate entangled CNT structures. The thickness of 

hydroentangled CNT membranes can be easily controlled by selectively 

adjusting the amount of powder that is laid on the support. In addition to 

separation applications, the electrochemical properties of these membranes 

may also be suitable for developing electroanalytical electrodes. 
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Figure 6. Most common buckypaper synthetic procedures. (i) Filtration involves three 

steps: (a) dispersion; (b) filtration; and (c) peeling off the membrane. (ii) Evaporation of a 

small amount of a SWNT/oleum suspension. (iii) Scheme of the domino pushing method: 

(a) formation of aligned buckypaper; (b) peeling of the buckypaper off the silicon 

substrate; (c) peeling of the buckypaper off the microporous membrane. (iv) 

Hydroentangling of CNTs: (A) continuous hydroentangling; (B) bench-top 

hydroentangling setup used to obtain batches of hydroentangled CNT membranes. 

Adapted with permission from refs. 47 and 58. 

 

The effective diffusivity of six common laboratory gases (O2, N2, H2, He, CO2, 

CH4) through buckypapers thicker than 186 μm was in the 3−12 × 10
−9

 m
2
/s 

range and correlated with the kinetic diameter of the gases [56]. Transparent, 

conductive SWNT films [52] were used to construct an electric field activated 
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optical modulator, which is an optical analog to the nanotube-based field effect 

transistor. A packed bed of MWNTs completely removed CO2 from a flowing 

stream of CO2/N2 and exhibited rapid uptake kinetics for CO2 [59].  

3. Conclusions 

In summary, Table 2 shows a comparison and the main analytical applications of 

each kind of membrane discussed in this article. 

CNT membranes provide an effective alternative to commercially available 

membrane filters for analytical separations. Their combination of excellent flow 

and adsorptive properties allows the rapid filtration of polar solutions. Also, 

membranes consisting of vertically aligned CNTs possess quite good selectivity 

by virtue of their filtration mechanism of size exclusion or sieving through open-

ended CNTs and/or interstitial spaces. Their selectivity can be further improved 

by functionalization. In some cases, their tunability via pore size allows strict 

control over pore diameters by pressure. 

One disadvantage of membranes consisting exclusively of CNT bundles is their 

poor selectivity; thus, nonpolar compounds (particularly aromatic compounds) 

are retained via π-π interactions. By contrast, this type of membrane is much 

easier to prepare than those consisting of vertically aligned nanotubes. Finally, 

buckypapers provide a promising alternative platform for analytical separation 

but are still brittle and prone to cracking upon drying, so they will require more 

research before they can be rendered as useful as their CNT-based counterparts. 

Although buckypapers are still at the development stage, they may find a host 

of applications in the near future like vertically aligned and CNT-modified 

membranes have since their inception. 
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Table 2. Main Analytical Applications of the Different Kind of Membranes 
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85 (2013) 10338-10343 

 

Sequential preconcentration and on-membrane Raman 

determination of carboxylic single-walled carbon nanotubes in 

river water samples 

A. I. López-Lorente, M. L. Polo-Luque, M. Valcárcel 

 
Department of Analytical Chemistry, University of Córdoba, E-14071 Córdoba, Spain.  

This article proposes a simple and sensitive approach for the preconcentration 

and determination of carboxylated single-walled carbon nanotubes (c-SWNTs) 

in environmental samples using membranes modified with multiwalled carbon 

nanotubes (MWNTs). The method is based on the preconcentration of c-SWNTs 

and their direct on-filter Raman spectroscopic analysis. The preconcentration of 

c-SWNTs is performed by microfiltrating the sample through a cellulose 

membrane modified with MWNTs fabricated from a surfactant dispersion of the 

same. The analytes are retained in the membrane through π-π interactions with 

MWNTs forming the membrane. The G-/ D-band ratio of the carbon nanotubes 

has been used as an analytical parameter to quantify the presence of c-SWNTs, 

which mainly contribute to the intensity of the G band. The limit of detection 

was found to be 1 μg·L−
1
, and the precision, for a 10 μg·L−

1
 concentration of c-

SWNTs, was 4.74% intramembrane and 6.3% intermembrane. The optimized 

procedure was successfully applied to the determination of traces of c-SWNTs in 

river water samples. 

Keywords: multiwalled carbon nanotubes membranes, carboxylic single walled 

carbon nanotubes, Raman spectroscopy. 
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1. Introduction 

Since their discovery in 1991 [1], carbon nanotubes (CNTs) have aroused great 

interest. The increasing use and disposal of these nanomaterials in different 

applications will lead to their accumulation in environmental matrixes.   Despite 

the widespread use of nanomaterials, there is still a lack of analytical techniques 

to monitor their occurrence in environmental sectors. Probabilistic material flow 

analysis from a life-cycle perspective of engineered nanomaterials containing 

products has been used to predict the environmental concentration at which 

carbon nanotubes are expected to be present. In fact, Gottschalk et al. [2,3] 

predicted low CNTs concentrations in effluent from sewage treatment plants in 

Europe, which is a constraint from the point of view of the actual analytical 

methods available for CNT detection. Thus, analytical methods devoted to the 

determination of nanomaterials should satisfy several requirements such as 

being capable of detecting environmentally relevant concentrations as well as 

avoiding the potential interference of natural nanoparticles commonly present 

in environmental samples [4]. 

Carbon nanotubes are water-insoluble and tend to aggregate. Carboxylation is 

commonly used in industry to obtain stable water dispersions of nanotubes and 

to further CNT functionalize CNTs with carboxylic groups. The better debundled 

and individually suspended the CNTs are, the longer they remain in the water 

column [5]. Thus, oxidized CNTs might be one of the most likely forms of CNT 

pollutant in aqueous environment [6],
 

making their determination highly 

important.    

The potential of using CNT membranes to perform analytical separations has 

been demonstrated using membranes with both vertically aligned CNTs and 

CNT bundles [7]. CNT-modified membranes can be prepared by electrostatic or 

covalent interaction of CNTs with the corresponding membranes. Analyte 

adsorption is favored by π-π electrostatic interactions and the typically large 
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surface area of CNTs. Such CNT-modified filters are usually prepared by passing 

a dispersed solution of CNTs through a membrane. The nanotubes are 

dispersed by means of a surfactant such as sodium dodecyl sulfate (SDS) [8] or 

Triton X-100 [9] or solvents such as dimethyl sulfoxide (DMSO) [10]; 

alternatively, MWNTs functionalized with poly(diallyldimethylammonium 

chloride) [11]
 
can be directly used. These membranes are available in various 

formats including cellulose ester membranes, poly(vinylidene difluoride) (PVDF) 

membranes, nylon-encased filters, and qualitative filter paper [7]. Commercially 

available MWNT-modified nylon filters have been used for the preconcentration 

and elution of c-SWNTs with electrophoretic determination [9].  

Raman spectroscopy has emerged as a powerful technique for the 

characterization of carbon nanotubes [12], because Raman measurements are 

simple; can be performed at room temperature and under ambient pressure; 

and are rapid, nondestructive, and noninvasive [13].  In this sense, carboxylated 

single-walled carbon nanotubes (c-SWNTs) have been determined from 

environmental waters by their liquid-liquid microextraction in ionic liquids with 

imidazolium cation and subsequently quantified by Raman spectroscopy [14]. 

Moreover, c-SWNTs have been also determined by surface-enhanced Raman 

scattering (SERS) measurements on bare gold nanoparticles as a substrate [15].  

In this work, a c-SWNTs preconcentration procedure is proposed that uses 

MWNT-modified cellulose acetate membranes. c-SWNTs are retained in the 

membrane through π-π interactions with carbon nanotubes forming the 

membrane. Moreover, in this case, c-SWNTs are directly measured on-

membrane by Raman spectroscopy. The G-/D-band height ratio (obtained from 

the combined spectrum of both types of CNTs) is employed for the 

quantification of water samples containing c-SWNTs, because a higher ratio is 

observed when the amount of c-SWNTs deposited over MWNTs is increased. 

This simple procedure enables the sensitive determination of samples at low c-
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SWNTs concentrations. MWNT membranes preconcentrate c-SWNTs and also 

facilitate their quantification by Raman spectroscopy.    

2. Methods    

2.1. Materials and reagents 

SWNTs were obtained from Shenzhen Nanotech Port Co. Ltd (NTP) (Shenzhen, 

China), with a purity over 90%, an outer diameter of <2 nm, a length of 5-15 µm 

and a specific surface area of 500-700 m
2
/g. MWNTs were provided by Bayer 

Material Science (Leverkusen, Germany), with a diameter between 5 and 20 nm 

and a length between 1 and 10 µm. H2SO4 and HNO3 were purchased from 

Panreac (Barcelona, Spain). Triton X-100 was provided by Fluka, (Buchs, 

Switzerland). Cellulose acetate membranes of 0.2-µm pore size were purchased 

from Sartorius Stedim Biotech (Göttingen, Germany). Methanol, humic acids, 

and potassium hydroxide were purchased from Sigma-Aldrich.  

2.2. Equipment 

For Raman measurements, a confocal Raman spectrometer (alpha500; WITec 

GmbH, Ulm, Germany) was employed. For excitation, a frequency-double 

Nd:YAG laser at 532 nm (second harmonic generation) was used, which resulted 

in a penetration depth in silicon of about 0.5 μm. Raman spectra were collected 

using a 600 g mm
-1

 diffraction grating. The laser beam was focused on the 

sample surface using a 20x/0.4 Zeiss objective. Laser powers were measured 

directly on the sample stage and were typically between 0.5 and 1.5 mW. Raman 

spectra were collected with an integration time of 1 s, accumulating a total of 10 

spectra.  

A Vibracell 75041 ultrasonic probe (750 W, 20 KHz, Bioblock Scientific, Illkirch, 

France) equipped with a 3-mm probe was also employed to prepare the 

dispersions. 
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2.3. Functionalization of single-walled carbon nanotubes for method 

characterization 

Carboxylated single-walled carbon nanotubes (c-SWNTs) were prepared by 

adding 100 mg of single-walled carbon nanotubes to 20 mL of a 3:1 

H2SO4/HNO3 mixture in a glass flask as described in ref [14], adapted from ref 

[16]. The mixture was refluxed for 1 h; after that, diluted fractions were 

centrifuged at 10000 rpm for 10 minutes and washed with water. The 

centrifugation process was repeated until the supernatant phase became 

neutral. Finally, carboxylated derivates were dried at 60ºC in a heater. After acid 

treatment, the SWNTs had covalently attached carboxylic (–COOH) groups on 

the sidewalls and the open ends, which, being negatively charged, made them 

highly water-soluble.  

2.4. Preparation of multiwalled-carbon-nanotube-modified membranes 

MWNTs (50 mg) were dispersed in 50 mL of a 0.5 % (w/v) Triton X-100 solution. 

Carbon nanotubes were dispersed by 5 min of ultrasonication using a Vibracell 

75041 ultrasonic probe (750W, 20 KHz, Bioblock Scientific, Illkirch, France) 

equipped with a 3-mm probe set at 35% of amplitude to obtain a good 

dispersion of the nanotubes in the sample and ensure its homogeneity. Pulses 

of energy of 20 s on and 10 s off were employed in order to avoid sample 

heating.  

Cellulose acetate membranes of 0.2 µm were modified with MWNTs. Five 

microliters of the MWNT solution in Triton X-100 were subjected to 

microfiltration using a homemade microfiltration device designed to allow 

filtration on a small surface (1.3-mm diameter of filtration). MWNTs are retained 

on the membrane, forming an entanglement of nanotubes that retains and 

preconcentrates carboxylated single-walled carbon nanotubes.   
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2.5. Preconcentration procedure 

Carboxylic carbon nanotubes were preconcentrated from water matrixes 

(standards and river water samples) using a membrane modified with MWNTs 

that acted as a sorbent (see Figure 1). Water samples of 5 mL were subjected to 

microfiltration through a filtration diameter of 1.3 mm using the homemade 

device previously described. The filtration procedure was automated using a 

peristaltic pump that passes the water sample through the membrane at a 

constant flow rate.  

 

 

Figure 1. Scheme of the c-SWNTs preconcentration procedure. 

 

After loading the water sample had been loaded, 5 mL of a KOH solution in 

methanol at pH 12 was passed through the membrane to remove possible 

interferences from components of the water sample such as humic acids. Then, 

1 mL of water was subsequently passed. Then, the membrane was ready for 

Raman analysis to quantify the amount of c-SWNTs retained.   
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2.6. Raman spectroscopic analysis 

Raman measurements were performed with a 532-nm laser. Both the acquisition 

time and the number of accumulated spectra for measuring a single Raman 

spectrum were optimized. A 1-s CCD exposure was used, with averaging of the 

Raman signal over 10 signal acquisitions. Raman measurements were acquired 

from five randomly selected locations within each membrane and repeated over 

three samples, giving a total of 15 Raman measurements for each nanotube 

concentration. For these measurements, a 20x objective was employed, resulting 

in a 109-µm-diameter area of measurement in each spot. It should be remarked 

the carbon nanotubes were confirmed to be homogeneously dispersed in the 

membrane because the spectra measured at different points of a sample 

provide similar signals. 

The G-/D-band intensity ratio of carbon nanotubes was selected as the 

analytical signal. As the amount of c-SWNTs in the membrane increased, this 

ratio increased in comparison to that of an MWNTs membrane without c-

SWNTs present. The use of the relationship between bands overcomes 

problems of reproducibility of Raman spectroscopy in quantitative analysis, 

regarding focusing or laser power between different samples.   

3. Results and discussion 

3.1. Foundation of the proposed method 

The proposed method is based on the dual roles played by MWNTs retained in 

a membrane. First, they act as active components to increase the retention of 

the analytes (c-SWNTs) as a result of the well-known π-π interactions between 

them. Second, MWNTs facilitate Raman determination of the analytes owing to 

the fact that they are the spectral reference to show the presence of c-SWNTs in 
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the filter because of the increment of the G band as a function of the amount of 

analyte retained. The indicator parameter used is the G-/D-band intensity ratio. 

3.2. Raman spectra of MWNTs and c-SWNTs 

Raman spectra of single-walled carbon nanotubes show the radial breathing 

mode (RBM, 100-300 cm
-1

), in which all carbon atoms vibrate in phase along the 

radial direction [17]. Moreover, the disorder peak (D peak, ~1350 cm
-1

), 

stemming from the disorder-induced mode in graphite with the same name 

[18],
 
and the tangential mode (G band, 1400-1700 cm

-1
) also appear in the 

spectra, with these two bands being the most intense and the ones used in this 

work for quantification. The G band is composed of several peaks: G
+
 associated 

with carbon-atom vibrations along the nanotube axis and G
-
 associated with 

vibrations of carbon atoms along the circumferential direction of the SWNTs. Its 

line shape depends on the metallic or semiconducting nature of the SWNT 

sample [19]. Finally, the second-order overtone of the D peak (G’, 2500-2800      

cm
-1

) [19]
 
can also be observed. The RBM band is characteristic of SWNTs and is 

sometimes observed in MWNTs with a small-diameter inner tube under good 

resonance conditions [20]. The spectral difference of carboxylated carbon 

nanotubes compared with pristine carbon nanotubes is a distinctive D-/G-band 

intensity ratio [21], whereas no spectral bands can be ascribed to COO
-
 groups.  

For Raman scattering, MWCNTs can be said to be an ensemble of carbon 

nanotubes with diameters ranging from small to very large [13].  As a 

consequence of the large diameters of the outer tubes, many differences from 

SWNTs to graphite spectra are not as evident for MWNTs, such as for the 

above-mentioned RBM bands, as well as differences in G-band line shape. The 

splitting of the G band in MWNTs is small in intensity and smeared out by the 

effects of the diameter distribution [19]. As can be seen in Figure 2, a change in 

the G-band line shape is observed, along with variations in the G-/D-band 
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intensity ratio. Similar behavior has been observed in mixtures of SWNTs and 

MWNTs in surfactant solutions [12]. 

 

 

Figure 2. Evolution of G-/D-band height ratio with increasing amount of c-SWNT solution 

subjected to microfiltration through an MWNT-modified membrane.  

 

In the case of MWNTs and SWNTs employed in this work, the G-/D-band ratios 

show different values. In the case of MWNTs, the intensity of the disorder peak 

(D band) is higher than that of the tangential mode (G band), whereas in the 

case of c-SWNTs, the behavior is the opposite, as was previously observed for 

surfactant solutions of carbon nanotubes [12]. As can be seen in Figure 2, when 

the amount of c-SWNTs retained on the membrane increased, the G-/D-band 

intensity ratio evolved, increasing in value as a result of a higher c-SWNTs 

contribution. This effect was employed to quantify the c-SWNTs 

preconcentrated on MWNTs-modified membranes. The use of the band ratio 
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overcomes limitations of Raman spectroscopy for quantitative analysis when 

directly measuring intensities of signal. 

In our case, the possible use of RBM bands to quantify the samples was 

discarded because the absolute intensities of the radial breathing mode are 

dramatically reduced after functionalization [22] and, as can be seen in Figure 2, 

under our conditions, they were barely distinguishable.   

3.3. Optimization of the procedure to disperse MWNTs 

First, the procedure for the dispersion of MWNTs was optimized. Previous 

studies [12] confirmed the suitability of sodium dodecyl sulfate (SDS), 

cetyltrimethylammonium bromide (CTAB), and Triton X-100 for dispersing 

carbon nanotubes. Triton X-100 was the surfactant selected in this work for 

achieving a dispersion of MWNTs to enable the formation of a homogeneous 

modified membrane. To this end, Triton X-100 solutions were studied at 

different concentrations and a variety of conditions of agitation and/or 

radiation.  To determine the optimum amount of surfactant necessary to 

achieve a homogeneous dispersion of carbon nanotubes, dispersions with  a 

range of surfactant concentrations from 0.5 to 20% (w/v) were prepared, with a 

sample concentration of 1 mg·mL
-1

. Ultrasonication was performed with an 

ultrasonic probe (750W, 20 KHz) at 35% amplitude. Pulses of energy of 20 s on 

and 10 s off were employed to avoid sample heating. Five minutes proved to be 

sufficient to reach a stable solution of homogeneously dispersed MWNTs. A 

Triton X-100 concentration of 0.5% (w/v) was found to enable the stable 

dispersion of MWNTs and was selected for preparing modified membranes.  

3.4. Selection of the nature and pore size of the membranes 

To prepare MWNTs-modified membranes, the nature of the membrane that 

acts as the support of the MWNTs has to be selected. The suitabilities of 
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cellulose acetate, polyamide, polycarbonate, and polytetrafluoroethylene (PTFE) 

membranes were investigated. PTFE membranes were directly eliminated 

because they have a hydrophobic nature and a water solution of MWNTs did 

not pass through them. Cellulose acetate membranes provided better results in 

terms of the homogeneity of the MWNTs distribution, as observed by optical 

microscope photographs (see Figure 3), and cellulose acetate was thus selected 

as the supporting membrane material for the deposition of MWNTs. Such 

membranes do not interfere in Raman measurements and are not damaged 

during laser irradiation.  

 

 

Figure 3. Optical microscope photograph of the MWNT-modified membrane selected as 

the sorbent for the preconcentration and determination of c-SWNTs. 

 

Cellulose acetate membranes with different pore sizes, namely, 0.2 and 5 µm, 

were studied. Although both showed a homogeneous distribution of MWNTs, in 

the case of 5-µm pore-size membranes, the retention of MWNTs was not 

quantitative, and part of the MWNTs in the dispersion passed through the 

membrane. Thus, 0.2-µm-pore-size membrane was selected for further 

experiments.  
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3.5. Optimization of the amount of MWNTs dispersion to prepare the 

modified membranes 

The amount of MWNTs forming the modified membranes plays a crucial role in 

the subsequent quantification of c-SWNTs present in the filtrated water 

samples, because the G-/D-band intensity ratio is affected by the signals of both 

MWNTs and c-SWNTs. Thus, the amount of MWNTs loaded on the membrane 

was optimized. A 1 mg·mL
-1

 solution of MWNTs dispersed in 0.5% Triton X-100 

solution was employed to prepare the membranes. A volume range between   1 

and 20 µL was investigated, for a fixed amount of c-SWNTs loaded onto the 

different membranes (2 mL of water solution of 40 µg·L
-1

 concentration of        

c-SWNTs).  

 

 

Figure 4. Study of the influence of the volume of the MWNT dispersion in 0.5%        

Triton X-100 loaded onto the membrane to form the modified membranes in terms of  

G-/D-band height ratio for a fixed concentration of c-SWNTs standard solution subjected 

to microfiltration on different membranes. 

 

As can be seen in Figure 4, for a lower amount of MWNTs for the same             

c-SWNTs quantity in the membrane, there is a major contribution of the latter 
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to the analytical signal because the G-/D-band intensity ratio is higher. Thus, 

lower amounts of MWNTs, on the one hand, favor the more sensitive detection 

of c-SWNTs and, on the other hand, avoid saturation of the membrane when 

the water samples are loaded. However, very low amounts of MWNTs solution 

lead to less homogeneous membranes, decreasing the reproducibility of the 

measurements.  

Moreover, MWNT solutions at different concentrations, in the range between 

0.1 and 1 mg·mL
-1

, were prepared, and 5-µL samples were loaded onto the 

cellulose membrane. Finally, 5 µL of 1 mg·mL
-1

 MWNT solution was selected to 

form homogeneous MWNT-modified cellulose membranes.   

3.6. Optimization of sample volume 

The volume of water sample loaded onto the membrane was also studied. Using 

membranes prepared at the previously optimized conditions, different volumes 

of a 40 µg·L
-1

 solution were subjected to microfiltration in the range between 1 

and 30 mL. The study was repeated for a 1 µg·L
-1

 solution of c-SWNTs. When 

the volume of c-SWNTs solution subjected to microfiltration on the membrane 

was increased, the signal of G-/D-band height ratio increased until a certain 

volume, when saturation of c-SWNTs on the membrane occurred in the case of 

studies at higher concentration levels. The behavior found fitted a Langmuir 

isotherm model, which reflects the adsorption of the c-SWNTs onto the MWNTs 

forming the membrane. Equilibrium has to be reached between loading higher 

volumes of sample, with the consequent time consumption, to increase the 

sensitivity of the method and achieving rapid and reproducible measurements. 

For further experiments, 5 mL was selected as the volume of the water sample 

loaded onto the membrane. 
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 3.7. Study of influence of water sample pH and ionic strength  

We studied the influence of the sample pH on the c-SWNT preconcentration 

stage. Freshly prepared original c-SWNTs suspensions have an initial pH 

between 3 and 5. Changing the pH of a 40 µg·L
-1

 c-SWNT water solution in the 

pH range between 2 and 10 does not give rise to considerable effects in the 

preconcentration stage.  

On the other hand, increasing the ionic strength by adding greater amounts of 

NaCl did not improve the preconcentration of c-SWNTs on the MWNT-modified 

membranes. 

3.8. Study of humic acids as potential interferents 

In environmental waters, carbon nanotubes can be stabilized through 

interactions with natural ligands, such as humic acids. Hence, we studied the 

potential effect of humic acids in the concentration range from 0 to 40 mg·L
-1

. 

As shown in Figure 5, increasing the concentration of humic acids in water 

samples significantly lowered the signal of c-SWNTs. To overcome the limitation 

of the humic acid content in the sample affecting the analytical signal, prior to 

analysis, 5 mL of a KOH solution in methanol at pH 12 was passed through the 

membrane to remove humic acids retained on it. Later, 1 mL of ultrapure water 

was passed, and the membrane was ready for subsequent Raman analysis. The 

recoveries obtained after this cleanup step were similar to those obtained in 

standards in which no humic acids were present.  
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Figure 5. Recoveries obtained for standards with different spiked humic acid 

concentrations (5, 10, 20, and 40 mg·L
-1

) compared to standards without humic acid 

content. Solid line, procedure without methanol basic solution cleaning step; dotted line, 

after introduction of a cleaning step with methanol basic solution (pH 12) to remove 

humic acids retained in the membrane. 

 

The possible influence of other compounds present in sediment-loaded water of 

flowing rivers, such as aluminosilicates or sand, was not tested. In principle, such 

compounds should not interfere in Raman spectra of CNTs because their 

spectral features appear in a lower-frequency region than the range at which 

the carbon nanotubes D- and G- bands appear. Anyway, when passing the KOH 

solution in methanol through the membrane, aluminosilicates [23] may be 

solubilized and removed, preventing collapse of the membrane. In fact, as 

explained below, no interferences were found when spiked river water samples 

were analyzed.  

 

60 

65 

70 

75 

80 

85 

90 

95 

100 

105 

110 

0 10 20 30 40 50 

R
ec

o
ve

ry
 (

%
) 

Humic acid concentration (mg·L-1) 

without MeOH after MeOH treatment 



 

497 

497 

 

 Capítulo 14 

 

  
 

497 

3.9. Analytical features of the proposed method 

The analytical performance of the proposed method was studied to evaluate its 

usefulness for quantitative analyses. The analytical signal, namely, the ratio of 

the peak height of the 1583 cm
-1

 Raman G band to the peak height of the 1350 

cm
-1

 D band, was plotted against the c-SWNTs concentration for standard 

solutions.  

The calibration curve was determined for concentrations ranging from 0 to 15 

µg·L
-1

. Each concentration level was analyzed in triplicate (measuring each 

sample at five randomly selected locations in the membrane). Thus, the data 

points represent mean values corresponding to three independent membranes, 

where the value for each individual membrane is the average of five 

measurements at different spots. The response was linear in the range of 

concentrations tested (R
2
 = 0.990). Concentrations above that range resulted in 

saturation of the membrane, and the corresponding response was fit to a 

Langmuir isotherm.  

The precision of the measurements was evaluated at a concentration of           

10 µg·L
-1

, giving a relative standard deviation (n = 5) of 4.74 % for 

measurements within a membrane and 6.3% for measurements in different 

membranes. The analytical features of the method developed are summarized in 

Table 1.  

The detection and quantification limits were calculated as 3 and 10 times the 

signal of Sa between the scope and were 1.007 and 3.36 µg·L
-1

, respectively.   

The limit of detection is restricted by the fact that, as less concentrated CNT 

solutions are, higher interferences due to nanotubes fluorescence are observed. 

Despite the loading of larger volumes, the more isolated distribution of            

c-SWNTs at low concentrations within the membrane led to high fluorescence 

interferences.  
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Table 1. Analytical features of the method. 

Calibration equation S = (0.038±0.001)[c-SWNTs]
a
+(0.66±0.01) 

R
2
 0.990 

Lineal range 1-15 µg·L
-1

 

LOD
b
 1.007 µg·L

-1
 

RSD
c
 (%) (intramembrane) 4.7% 

RSD
d
 (%) (intermembrane) 6.3% 

 
a
[c-SWNTs] represents the concentration of c-SWNTs in the aqueous medium in µg·L

-1
.  

b
Limit of detection, determined as (3Sa)/b, for y=bx+a. 

c
Relative standard deviation, determined from five measurements of 5 mL 10 µg·L

−1
       

c-SWNTs within the same membrane.  
c
Relative standard deviation, determined from the average value of five measurements of 

5 mL 10 µg·L
−1

 c-SWNTs in different membranes.  

 

3.10. Application to the determination of carboxylated carbon nanotubes 

in river water samples 

To validate the proposed method, water samples from Guadalquivir River were 

analyzed following the recommended procedure. No carbon nanotubes were 

found in the samples. Therefore, the samples were spiked and analyzed using 

the proposed methodology.  

To demonstrate the accuracy of the proposed method, a recovery test of the 

analysis of spiked river water samples was also carried out. For the recovery 

study, four fortification levels were assayed; the recoveries values are reported in 

Table 2. The obtained recoveries were between 80.6% and 111% depending on 

the concentration level. Each sample was analyzed in triplicate to evaluate the 

precision of the method. The coefficients of variation ranged from 8.98% to 

15.4%. 
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If the G-/D-band intensity ratio of an unknown CNT samples needs to be 

calculated, a two-filter assay can be carried out, using a nonmodified membrane 

to calculate G-/D-band intensity ratio and an MWNT-modified membrane to 

quantify the amount of CNTs present.  

Table 2. Recovery study of spiked river samples. 

Sample 

Concentration of c-SWNTs (µg·L
-1

) 

Recovery 

(%) RSD (%) added found
a
  

1 2 2.0±0.3 89.3-111 15.4 

2 5 4.9±0.5 80.6-107.6 10.7 

3 10 9±1 85.6-110.3 12.5 

4 15 14±1 88.3-106.2 8.98 

a
Average of three independent spiked samples±CI (p < 0.05). 

4. Conclusions 

A simple and sensitive c-SWNTs preconcentration procedure has been 

proposed. MWNT-modified membranes have been fabricated using 

commercially available cellulose acetate membranes and surfactant dispersions 

of MWNTs. c-SWNTs were retained in the membranes through π-π interactions 

with the multiwalled carbon nanotubes forming the membrane. On-membrane 

Raman measurements were directly performed to quantify the presence of       

c-SWNTs by using carbon nanotubes G-/D-band intensity ratio as the analytical 

signal. The use of this parameter overcomes limitations of Raman spectroscopy 

for quantitative analysis.  

This simple procedure enabled the sensitive determination of samples at low    

c-SWNTs concentrations. The limit of detection achieved with the proposed 
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procedure improves upon most of those reported to date. This method was 

applied to the determination of c-SWNTs in river water samples. Moreover, the 

availability of portable Raman spectrometers could enable in situ monitoring of 

the release of these materials at source points of contaminations.  

Finally, in this work, the two facets of analytical nanoscience and 

nanotechnology have been covered. On one hand, MWNTs are used as 

analytical tools to form modified membranes that improve the preconcentration 

stage. On the other hand, c-SWNTs are considered the target of the analysis, 

that is, in this case, this nanomaterial is considered an object to be determined 

and quantified.  
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The main results of the research developed in this Doctoral Thesis are 

summarized in this part. Since the Memory is a compilation of articles and the 

specific results of each paper have been previously discussed, the aim of this 

section is to give an integral approach to the experimental work performed and 

presented along the Memory, by comparing the strengths and drawbacks of 

each of them.  

This block has been structured differently from the general scheme of the 

Thesis. It is divided into three sections, the first devoted to carbon 

nanostructures, another focused on metallic nanoparticles, and, finally, a section 

dealing with the different facets of nanoparticles in Analytical Nanoscience and 

Nanotechnology (AN&N), this is, objects or tools, introducing a third facet, as 

interface between those, which is the use of nanoparticles as tools for the 

determination of other nanomaterials. The two first sections have been in turn 

divided into methods of characterization and/or determination of nanoparticles.  

Table VI.1 gathers the different groups in which the developed work can be 

classified and supports the scheme of this block.  
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Table VI.1. Classification of different approaches to the determination/characterization of 

NPs developed in this Doctoral Thesis 
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The main targets of this Thesis are the development of methods of both 

characterization and determination of nanoparticles. As can be seen in Figure 

VI.1 characterization encompasses determination, which has analytes as targets. 

Objects or systems are characterized, being related with knowledge in the 

primary data-information (provided by analytes)-knowledge hierarchy. In the 

analytical-chemical context information is related to qualitative and quantitative 

results, while knowledge is related with reports. Characterization can be defined 

as the identification and/or quantification of specific properties or 

characteristics of the sample or material
1
. On the other hand, determination can 

be considered as the application of the complete analytical process for 

detecting, identifying and quantifying an analytical parameter
2
. 

 

Figure VI.1. Differentiation between characterization and determination in the analytical-

chemical context and their relationship with primary data-information-knowledge 

hierarchy.  

 

Several techniques have been used to address the characterization and 

determination of carbon nanomaterials (carbon nanotubes) and metallic 

                                                           
1
 E. Prichard, Analytical measurement terminology (2001), LGC/RSC. 

2
 L. Cuadros, L. Gámiz, A. Carrasco, C. Ruiz, Glossary of Analytical Terms, 1ª ed. GRASEQA. 
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nanoparticles (gold and silver nanoparticles). Figure VI.2 summarizes the main 

techniques employed for this task. The edges of the tetrahedron show 

techniques used for characterization/determination of carbon nanotubes or 

gold nanoparticles. SERS is included in the face comprised between carbon 

nanotubes-gold nanoparticles-determination vertexes since it employed gold 

nanoparticles as tools for the determination of carbon nanotubes. As can be 

seen, Raman spectroscopy is the predominant technique used for carbon 

nanotubes, while in the case of gold nanoparticles a broader range of 

techniques have been used, especially for studying those bare gold 

nanoparticles obtained through a new synthetic route proposed in this Thesis.  

 

 

Figure VI.2. Techniques employed for the characterization and determination of the main 

nanostructures subject of this Thesis: carbon nanotubes and gold nanoparticles.  

 

 

CARBON 
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VI.1. CARBON NANOPARTICLES 

Raman spectroscopy is a powerful technique for the characterization and 

determination of carbon nanotubes. The resonant Raman scattering from 

carbon nanotubes generates an intense and easily measurable signal. Raman 

measurements are simple, can be performed at room temperature and under 

ambient pressure, being non-destructive, hence its widespread use.  

Traditional Raman studies of CNTs have focused on the radial breathing mode 

(RBM, 100-300 cm
-1

), which appears in the case of SWNTs, a mode where all 

atoms vibrate in phase in the radial direction. Its frequency inversely depends on 

the diameter of the tube
3
.
1
The two other energy regions of most interest in 

Raman spectra of CNTs are the disorder peak, D mode, around 1350 cm
−1

 and 

the tangential mode, G band, around 1400-1700 cm
-1

. In addition, the second-

order overtone of the D peak, G’ band, is also observed around 2500-2800 cm
-1

.  

Characterization/determination of carbon nanotubes was carried out with 

various types of Raman spectrometers showing different performances. Table 

VI.2 summarizes the main characteristics of each spectrometer and 

measurements performed with each of them. As described in block 2 of this 

Thesis (“Analytical tools”), two portable Raman equipments have been used 

along the experimental work, i-Raman BWS415 (Raman portable 1) for 

characterization of SWNTs and MWNTs and inno-Ram (Raman portable 2) for 

determination of c-SWNTs, both of B&W TEK Inc. Moreover, a confocal Raman 

spectrometer has been also employed both for the characterization and 

determination of CNTs.  

                                                           
3
 C. Thomsen, S. Reich, J. Maultzsch, Phil. Trans. R. Soc. Lond. A 362 (2004) 2337–2359. 



 Bloque VI. Resultados y discusión 

  
 

510 

Table VI.2. Comparison of the characteristics and performance of Raman spectrometers 

employed along this Thesis. 

 
Portable Raman 

spectrometer 1 

Portable Raman 

spectrometer 2 

Confocal Raman 

microscope 

Characterization    

Determination    

Type of sample 

Surfactant 

dispersion of CNTs 

(liquid sample) (C-

6) 

c-SWNTs extracted 

in IL deposited on 

cellulose 

membrane (C-11) 

Solid CNTs (C-5 

and C-6) 

Drop-dried CNTs 

from ethanol and 

surfactant 

dispersion (C-5) 

c-SWNTs deposited 

on SERS substrate 

(C-12) 

c-SWNTs deposited 

on MWNTs 

membrane (C-14) 

Laser wavelength 785 nm (red) 785 nm (red) 532 nm (green) 

Laser power 354 mW 

5.7 mW (C-12) 

28.5 mW (C-11) 

0.5-1.5 mW 

Raman images x x  

¿Solid sample 

measurements? 
No Yes Yes 

Optical microscope 

for sample focusing 
No Yes Yes 

Measurements 

conditions (single 

spectrum) 

50 sec 

6 acq 

1 sec 

10 acq 

1 sec 

10/20 acq 

Measurements 

conditions (Raman 

images) 

- - 
0.05-0.1 s 

integration time 
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1.1. Characterization of carbon nanotubes 

In this Thesis, both SWNTs and MWNTs of different nature have been 

characterized by using Raman spectroscopy. Table 1 of Chapter 6 shows the 

characteristics of the carbon nanotubes subject to study: six types of MWNTs 

and one of SWNTs. 

As can be seen in Table VI.2 two different Raman spectrometers have been 

employed for this task. Carbon nanotubes samples can be damaged during data 

capture. Measurements of solid samples of CNTs with the portable Raman 

spectrometer 1 resulted in sample damage, since it does not allow setting very 

low laser power. Measurements of carbon nanotube powders were achieved 

with a confocal Raman spectrometer coupled to an optical microscope which 

allows sample focusing. However, this equipment is more than ten times more 

expensive than the portable one.  

Different strategies have been carried out in order to prepare CNTs for Raman 

characterization, namely:  

 As received solid CNTs were placed on a microscope glass slide for 

measurements of solid samples (Chapter 5 and 6). 

 As received SWNTs were dispersed in ethanol and ultrasonicated in an 

ultrasound bath (50 W, 10 min). The dispersion was then drop-dried on a 

microscope glass slide. Nanotubes aggregated as ethanol was evaporating, 

although the size of aggregates was smaller than in an untreated solid 

sample (Chapter 5). 

 SWNTs were also dispersed in 5 wt/vol% Triton X-100 solution by using an 

ultrasonic probe for 10 min (750 W, 20 KHz) equipped with a 3 mm probe 

set at 20% amplitude. Pulses of energy of 20 s on and 20 s off were 

employed in order to avoid sample heating. Once dispersed, the dispersion 

was drop-dried on a glass slide (Chapter 5).  
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 SWNTs and MWNTs were dispersed in a 10 wt/vol% SDS, Triton X-100 and 

CTAB solutions. CNTs were placed in a mortar and crushed with a few 

microlitres of the surfactant solution in order to achieve a better dispersion. 

The solution was then dispersed by ultrasonic irradiation in a bath 

sonicator (60 Hz) for 10 min. In this case measurements were directly 

performed on the dispersion, which was placed on a polyethylene home-

made vial with a diameter of 0.5 cm (Chapter 6).  

Different surfactants have been evaluated to achieve CNTs dispersion, namely 

anionic sodium dodecylsulfate (SDS), cationic cetyltrimethylammonium bromide 

(CTAB) and neutral Triton X-100. The selected concentration was 10%wt/vol, 

higher concentrations resulting in background noise. This concentration is 

below the critical micellar concentration for all of them. The mechanism of 

dispersion entails that surfactant molecules orient themselves with the 

hydrophobic tail group facing the nanotube surface and the hydrophilic head 

groups to the aqueous phase
4
.
2
The dispersing power of surfactants was proved 

to be: Triton X-100>CTAB>SDS. CTAB has a longer alkyl chain length than SDS, 

so the adsorption may be induced by hydrophobic interactions. Triton X-100 

has the higher dispersing power by virtue of its aromaticity, thank to π-π 

stacking type interactions. 

As previously mentioned, two ultrasonication strategies have been employed: an 

ultrasonication bath, which provide softer conditions (50 W, 60 Hz), and an 

ultrasonic probe (750 W, 20 KHz). The last apparatus enables better dispersion 

of nanomaterials needing less surfactant concentration. No degradation or 

shortening of CNTs was observed after sonication treatment at selected 

conditions.  

 

                                                           
4
 R. Rastogi, R. Kaushal, S.K. Tripathi, A.L. Sharma, I. Kaur, L.M. Bharadwaj, J. Colloid Interf. 

Sci. 328 (2008) 421-428.  
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Table VI.3. Raman wavenumbers of D- and G-bands and ID/IG ratio for the different CNT 

surfactant dispersions and solid CNTs samples.  
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The D-/G-band intensity ratio was calculated for each nanotube dispersed with 

different surfactants, as well as the D- and G-band wavenumbers evaluated for 

both suspensions and solid CNTs samples. Table VI.3 summarizes the values 

found. As can be seen, in the case of MWNTs, D-to G-band intensity ratio values 

are greater than 1, whereas in the case of SWNTs this ratio decreases to values 

around 0.5, depending on the surfactant employed for dispersion.  

The most prominent variation in the spectra of solid to surfactant-dispersed 

CNTs is a shift of Raman features. The D band shows a shift in the range of 30-

40 cm
-1

 from solid to dispersed samples. Again a shift of 0-30 cm
-1

 is observed 

for G-band. In the case of SWNTs, G-band from dispersed to solid samples 

showed no significant shift, appearing that of dispersed ones at lower 

wavenumbers as compared with MWNTs dispersions. The observed downshift 

and upshift may be attributed to the influence of laser 

wavelength
53

(measurements of solid samples were performed with a 532 nm 

laser and dispersions at 785 nm) and debundling of carbon nanotubes. In fact, 

different transitions energies have been observed for individual suspended 

SWNTs wrapped by surfactants and SWNTs in bundles
64

as well as a shift to 

higher wavenumbers of MWNTs upon debundling
7
.
5
  

The suitability of Raman spectroscopy to identify and quantify the presence of 

SWNTs in MWNTs mixtures has been proved. A linear relationship exists 

between the percentage of SWNTs in the mixture and D-/G-band intensity or 

full width at half maximum ratios. A variation in G band lineshape has also been 

observed.  G band was fit to a Lorentzian lineshape, a shoulder being observed 

when varying the percentage of SWNTs. The presence of both SWNTs and 

                                                           
5
 H.M. Heise, R. Kuckuck, A.K. Ojha, A. Srivastava, V. Srivastava, B.P. Asthana, J. Raman 

Spectrosc. 40 (2009) 344-353.  
6
 R. Graupner, J. Raman Spectrosc. 38 (2007) 673-683.  

7
 M. Dresselhaus, G. Dresselhaus, R. Saito, A. Jorio, Phys. Rep. 409 (2005) 47-99.  
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MWNTs was analyzed by deconvoluting their contribution to the band 

lineshape (see Figure VI.3).  

 

Figure VI.3. G band feature for (a) 100%wt/vol SWNTs dispersion, (b) 80%wt/vol SWNTs, 

(c) 60%wt/vol SWNTs, (d) 40%wt/vol SWNTs, (e) 20%wt/vol SWNTs and (f) 0% SWNTs 

(100%wt/vol MWNTs) surfactant dispersion. The peak has been fitted with a Lorentzian 

lineshape and deconvoluted to show the contribution of each type of nanotube to the G 

band feature.  

 

Furthermore, it has been demonstrated (see Chapter 5 of this Thesis) that 

aggregation state of SWNTs has to be taken into account when measuring 

Raman spectrum since it affects to the G-/D-band intensity ratio, usually 

employed to discuss sample purity. Once discarded the influence of laser beam 

or sample focusing, the impact of aggregation was proved by K-nearest 

neighbors’ classification of a Raman image composed by a set of spectra with 

different aggregation state into three different classes according to G-/D-band 

intensity ratio. When analyzing debundled SWNTs, previously dispersed with the 

aid of surfactants, the reproducibility of the measurements was consistent. 

MWNTs samples showed to be less sensitive to changes of aggregation state.  
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1.2. Determination of carbon nanotubes 

Carboxylation is commonly employed in industry to achieve aqueous dispersion 

of CNTs. As much debundled CNTs are, the longer they remain in the water 

column and may be present in aqueous environmental compartments. In this 

Doctoral Thesis three methods have been developed for the determination of 

carboxylated single walled carbon nanotubes (c-SWNTs) in river water samples. 

The different strategies for achieving this task are compared in Table VI.4.  

Table VI.4. Comparison of the different strategies for the determination of c-SWNTs in 

river water samples.  

 Chapter 14 Chapter 11 Chapter 12 

Analyte c-SWNTs c-SWNTs c-SWNTs 

Mediated by MWNTs Ionic liquids AuNPs 

Detection Confocal Raman Raman (portable 2) 
SERS (Raman 

portable 2) 

Analytical signal 
G-/D-band 

intensity ratio 

CNTs D band to 

PF6
-
 band ratio 

G band intensity 

Measurement 

platform 

Cellulose 

membranes 0.2 µm 

pore size 

Cellulose 

membranes 5 µm 

pore size 

Cellulose 

membranes 0.2 µm 

pore size 

Laser wavelength 532 nm 785 nm 785 nm 

Laser power 0.5-1.5 mW 28.5 mW 5.7 mW 

Measurement 

conditions 
1 s, 10 acq 1 s, 10 acq 1s, 10 acq 

Interference study Yes No No 

LOD 1.007 µg L
-1

 50 µg L
-1

 10 µg L
-1

 

RSD (%) 6.3 12.6 10.5 

Recoveries from 

spiked river water (%) 
80.6-111 70.1-101.7 86.5-105.5 
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As can be seen in Table VI.4, Raman spectroscopy is again the technique 

selected for the determination of c-SWNTs. The portable Raman spectrometer 2 

and the confocal Raman microscope have been used for this task (see Table 

VI.2). The portable Raman spectrometer could have been also employed for the 

determination of c-SWNTs retained in MWNTs membranes (chapter 14); 

however, confocal Raman spectrometer showed less versatility in the case of the 

determination by extraction in ionic liquid and/or SERS determination due to 

higher fluorescence problems since it is equipped with a more energetic laser 

(532 nm). In fact, in the case of SERS detection, the use of a 532 nm laser would 

have matched AuNPs plasmon resonance increasing the enhancement factor 

observed thanks to contribution not only of chemical mechanism but also 

electromagnetic one. It was discarded due to those mentioned fluorescence 

interferences. Lower limits of detection have not been achieved due to the fact 

that as much isolated CNTs are, the higher fluorescence interferences are found.  

Different strategies for the extraction/preconcentration of c-SWNTs have been 

employed (Figure VI.4), namely:  

(a) Preconcentration by microfiltration of the sample through a cellulose 

membrane modified with MWNTs fabricated from a surfactant dispersion of 

them. c-SWNTs are retained over the MWNTs layer thanks to π-π interactions 

(Chapter 14).  

(b) Microliquid-liquid extraction into an ionic liquid (bmim PF6) in the presence 

of a cationic surfactant (CTAC). Thanks to the high affinity of imidazolium group 

for the carbon nanotube, it is possible to preconcentrate the nanotubes in a low 

volume of ionic liquid. The addition of a cationic surfactant revealed to be 

crucial for quantitative extraction of c-SWNTs. Cationic surfactant forms ionic 

pairs with negatively charged CNTs enabling their extraction. A low volume of 

ionic liquid phase is then microfiltrated on a cellulose membrane of 5 µm pore 

size for Raman analysis (Chapter 11).  
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(c) Subsequent microfiltration of bare gold nanoparticles (forming a SERS active 

substrate) and c-SWNTs water solution on cellulose acetate membranes, where 

CNTs are preconcentrated on gold nanoparticles (Chapter 12).  

 

 

Figure VI.4. Strategies employed for the extraction/preconcentration and subsequent 

Raman determination of c-SWNTs.  

 

Analytical signals used are based on CNTs characteristic Raman spectrum, but 

differ for each method. In the case of MWNT-modified membranes, the method 

is based on the dual role that MWNTs play. They act as active components in 

order to increase the retention of the analytes thanks to the well known π-π 

interactions between them, but also facilitate Raman determination owing to 

the fact that they are the spectral reference to show the presence of c-SWNTs in 

the filter since G-/D-band intensity ratio increases as much c-SWNTs are 

retained, this parameter being used as analytical signal. The variation observed 

for G-/D-band intensity ratio agrees to that noticed when measuring Raman 

spectra of surfactant mixtures with different proportions of SWNTs and MWNTs, 

which was employed in chapter 6 for characterization of the mixtures.  

In the case of ionic liquid extraction procedure, the intensity of D band was used 

for quantification. Ionic liquid band at 739 cm
-1

 produced by symmetric 

stretching of PF6
-
 anion was employed as internal reference. Thus, the intensity 

cellulose membrane

Microfiltration on
MWNTs modified

membrane

MWNTs

c-SWNTs

IL phase with c-SWNTs

c-SWNTs

AuNPs

Microliquid-liquid 
extraction into ionic 

liquid (bmim PF6)

Microfiltration on
AuNPs SERS active 

substrate

(a) (b) (c)
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of CNTs D-band divided by the intensity of ionic liquid band was adopted as 

analytical signal. Finally, for SERS measurements, the intensity of CNTs G-band 

around 1583 cm
-1

 was selected as analytical signal and subsequently used to 

quantify the samples. In this case, data were closely fit with a Langmuir 

isotherm.  

The method described by using MWNTs modified membranes is the only one in 

which an interference study of humic acids has been performed. In order to 

overcome limitation of humic acid content in the sample affecting analytical 

signal, a clean-up step was introduced which removed such interferences. 

Nevertheless, in all cases a recovery study from spiked river water was carried 

out observing acceptable recoveries values, which mean that interferences of 

other components of the matrix have not effect of the performance of the 

procedure (see Table VI.4). In the case of ionic liquid extraction, selectivity is also 

achieved by the use of an ionic liquid acting as a sieve for other components 

present in water samples.  

Regarding the limits of detection (LODs) achieved with the proposed 

methodologies, it should be pointed out that all of them fall in the µgL
-1

 range 

(ppb), as can be seen in Table VI.4. However, CNTs concentrations at the ngL
-1

 

range are predicted in Europe
8
.
6
LODs could be improved if problems of CNT 

fluorescence when isolated were overcome. Nevertheless, there is a lack of 

analytical methods for the determination of these nanostructures in 

environmental matrices and those proposed methodologies can be considered 

as a first approximation to their quantification in water matrices. They could be 

used for the in situ monitorization of the release of carbon nanotubes from 

point’s source of contamination, where the concentrations of CNTs are expected 

to be considerably higher.  

                                                           
8
 F. Gottschalk, T. Sonderer, R.W. Scholz, B. Nowack, Environ. Toxicol. Chem. 29 (2010) 

1036-1048.  
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VI.2. METALLIC NANOPARTICLES 

Metallic nanoparticles used along this Doctoral Thesis have been synthesized in 

the laboratory, by using well-established methodologies as well as new 

synthesis procedures proposed herein. That is the case of bare gold 

nanoparticles obtained through a simple, environmentally friendly, one-pot 

method. Bare AuNPs have been synthesized from tetrachloroauric acid solution 

using stainless steel as solid reducing agent, as previously detailed in chapter 3. 

The proposed method yields bare gold nanoparticles at atmospheric pressure 

and room temperature for potentially producing large quantities.  

Moreover, the synthesis procedure has been adapted for continuous flow 

production of bare gold nanoparticles in a stainless steel tubular reactor, as 

described in chapter 4. Gold(III) is reduced by the own stainless steel of the 

tubular reactor to form gold nanoparticles, which are collected at the end of the 

coil. By controlling the conditions of the synthesis (i.e. flow rates, temperature) 

the size of the nanoparticles can be tuned.  

Bare gold nanoparticles obtained both in batch and continuous flow procedures 

have been characterized by several techniques, together with citrate coated 

silver and gold nanoparticles obtained through citrate reduction (and those 

functionalized with thioctic acid), as described in “Analytical Tools” block of this 

Thesis (block II).  The next section summarizes the characterization techniques 

employed for this task.  
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2.1. Characterization of metallic nanoparticles 

The different techniques employed for the characterization of the diverse types 

of gold nanoparticles studied along this Doctoral Thesis are summarized in 

Figure VI.5.  

 

Figure VI.5. Synthetic procedures employed along this Doctoral Thesis and the different 

types of gold nanoparticles obtained (top). Techniques used for the characterization of 

gold nanoparticles with different surface (bottom).    

 

Microscopic techniques such as TEM, SEM or AFM have been employed for the 

characterization of the nanoparticles. Bare gold nanoparticles were investigated 

by TEM and SEM, which showed to be homogeneous in shape and size and of 

polygonal yet nearly spherical shape. The average diameter was determined to 

be 20±6 nm, corroborated by AFM studies (21±9 nm). Continuous flow 
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synthesized bare AuNPs were also investigated by TEM microscopy calculating 

their size distribution. No aggregates were observed in the solutions, consisting 

of separated AuNPs. Those NPs obtained at 80ºC and 0.240 mLmin
-1

 flow rate 

are more polydispersed than those obtained at 40 or 60ºC. As described with 

more detail in chapter 4, the average diameter of nanoparticles is higher at 

lower flow rates.  

TEM and high resolution transmission electron microscopy (HTEM) have been 

also used for the characterization of citrate coated gold and silver nanoparticles 

(see chapters 9 and 10). The size of citrate coated gold nanoparticles ranged 

between 31 and 58 nm with an average size of 39±6 nm. The size of citrated 

coated silver nanoparticles was also determined by TEM measurements being 

41±7 nm. TEM images of thioctic acid-functionalized AuNPs used in chapter 9 

revealed an average diameter of around 35 nm. 

Ultraviolet-visible spectroscopy has been also used for the characterization of 

metallic nanoparticles thanks to their surface plasmon resonance absorption 

band. Metallic NPs exhibit strong extinction properties in the visible region 

which are sensitive to variations in NP shape, size, environment and state of 

aggregation.  

The kinetic of the synthesis of bare gold nanoparticles has been directly 

monitored via UV-Vis spectroscopy in a cuvette. It has been also employed to 

study the influence of variables such as gold precursor concentration, flow rate 

or temperature in the continuous flow synthesis of those bare AuNPs. The 

intensity of absorbance of AuNPs varies with flow rate, slower flows leading to 

higher absorption, which means higher concentration. In addition, a wavelength 

shift of surface resonance peak is observed as a consequence of the formation 

of nanoparticles with different size, obtaining smaller nanoparticles at higher 

flow rates. Moreover, broadening of absorbance band at high flow rates is also 

observed which suggests that nanoparticles became polydisperse. Wavelength 
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shift related to different AuNPs diameter was also observed when varying 

temperature.   

Furthermore, UV-Vis spectroscopy has been also used for characterizing citrate-

coated gold and silver nanoparticles as well as thioctic acid-functionalized gold 

nanoparticles (TA-AuNPs), as shown with more detail in chapter 9. Citrate-

coated AuNPs showed a band at 537 nm, while AgNPs showed a band around 

420 nm. The concentration of AuNPs solution can be calculated from the UV-Vis 

spectrum
9
,
1
as shown in chapter 10. Finally, the UV-visible spectrum of 

functionalized TA-AuNPs in ultrapure water solution showed a broad peak at 

539 nm, this red shift being consequence of the relatively higher molecular 

packing density compared with citrate ligands.  

Photoenhanced absorption of water on gold nanoparticles has been employed 

for the in-situ monitorization of the synthesis of bare gold nanoparticles by 

infrared attenuated total reflection (IR-ATR) spectroscopy (chapter 7). 

AuNPs are directly synthesized within the liquid cell of the ATR unit taking 

immediate advantage of the stainless steel walls of the ATR cell. According to 

literature
10

,
2
the vibrational modes of water in the infrared region are the H2O 

bending mode at 1644 cm
-1

, the combination of H2O bending and libration at 

2128 cm
-1

, and one around 3404 cm
-1

. As gold nanoparticles were formed and 

deposited on the ATR surface, an increase in the H2O bending and the OH 

stretching bands was observed, despite a decrease in the amount of water 

molecules present in the evanescent field during the deposition and exchange 

of water molecules by gold nanoparticles. This increase can be attributed to the 

so-called surface enhanced infrared absorption (SEIRA) effect arising from the 

presence of water molecules in the enhanced field created by AuNPs. A similar 

effect was observed in the case of AuNPs synthesized in D2O with the 

                                                           
9
 W. Haiss, N.T.K. Thanh, J. Aveyard, D.G. Fernig, Anal. Chem. 79 (2007) 4215-4221.   

10
 S.Y. Venyaminov, F.G. Pendegast, Anal. Biochem. 248 (1997) 234-245.  
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absorption bands of deuterium oxide revealing similar enhancement during the 

formation of AuNPs.  

Moreover, IR-ATR potential to monitor gravitational sedimentation of gold 

nanoparticles has been shown. For this aim, the sedimentation rate of both bare 

gold nanoparticles obtained through stainless steel assisted reduction and 

citrate-capped gold nanoparticles was measured. CTAC was added in order to 

increase NPs sedimentation rate
11

.
3
  

Inductively coupled plasma optical emission spectroscopy (ICP-OES) has 

been used to analyze which metals were present in solution after the synthesis 

of bare gold nanoparticles with a piece of stainless steel. It was found that in 

addition to Au –forming the NPs- Fe is the dominant metal species 

complemented by trace levels of Cr, Ni, Mn and Mo.  

In order to investigate if metals released from stainless steel are subsequently 

incorporated into the AuNPs obtained through the proposed synthetic 

procedure, energy dispersive X-ray spectroscopy (EDX) studies were 

performed, corroborating that the obtained NPs were composed only by gold. 

In the case of continuous flow synthesized AuNPs, EDX analysis revealed that 

small amounts of iron were present in solution and could have been 

incorporated into the NPs, nevertheless the relative concentration found of gold 

to iron is about 20:1.   

Citrate-coated gold and silver nanoparticles have been separated in aqueous 

medium by capillary electrophoresis, as previously explained with more detail 

in chapter 9. Au and AgNPs were synthesized with the same size, shape and 

shell (citrate), showing similar migration time when analyzing a mixture of both 

of them with a 40 mM SDS, 10 mM CAPS electrophoretic buffer (BGE) with 0.1% 

                                                           
11

 T.J. Norman Jr., C.D. Grant, D. Magana, Z. Zhang, J. Liu, D. Cao, F. Bridges, A. Van 

Buuren, J. Phys. Chem. B 106 (2002) 7005-7012. 
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methanol at pH 9.7. The pH of the buffer was alkaline in order to preserve 

nanoparticle stability, while the addition of methanol decreased the migration 

time of the NPs. Citrate ions are responsible both for nanoparticle reduction and 

capping of their surfaces
12

.
4
Thus, these NPs have surface charges forming an 

electric double layer and, therefore, their separation is based on a similar 

mechanism than that of charged molecular species.  

 

Figure VI.6. Molecular structures of thiol derivatives (thioctic and thiomalic acids) added 

to the BGE in order to achieve Au and AgNPs separation. Scheme of the ligand-exchange 

reaction resulting in NPs with different molecular packing density (drawing are not to 

scale). 

 

Thiol derivatives were introduced as additives in the BGE enabling the 

separation of Au and AgNPs by selective interaction with the metallic surface of 

the nanoparticles –through the formation of Au-S or Ag-S bonds- establishing 

                                                           
12

 F.K. Liu, F.H. Ko, P.W. Huang, C.H. Wu, T.C. Chu, J. Chromatogr. A 1062 (2005) 139-145. 
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different migration times because of the differences on core-shell charges when 

functionalized (see Figure VI.6.). Thus, separation takes place because of the 

different nature of the core of the nanoparticle and not owing to their different 

size, as usually reported in literature. Two thiol compounds have been 

investigated, namely thioctic and thiomalic acids. Disulfide ring of thioctic acid 

may interact with gold atoms, the remaining COO
-
 group being responsible for 

the NP charge
13

.
5
The self-assembly of thiols will produce SAMs with increased 

molecular packing density than citrate ligands, showing slower migration times. 

Thiomalic acid possesses two carboxylic groups, having a single thiol which 

enables their interaction with metallic NPs. AgNPs showed higher affinity, since 

multiple ligand binding can be performed through thiol and one carboxylate 

group, appearing at longer times in the electropherogram.  

Thioctic acid functionalized gold NPs (TA-AuNPs) were also analyzed, by using 

the BGE without the addition of thiol compounds. Migration time observed 

agrees with observations when AuNPs interact with thioctic acid present in BGE 

decreasing their electrophoretic mobility.  

Since ligand exchange reactions on NP surface are both kinetically and 

thermodynamically controlled, the incubation time is critical
14

.
6
In order to 

increase the reaction time inside the capillary and, thus, functionalization of 

nanoparticles, large-volume sample stacking was used, observing an 

improvement in terms of sensitivity and separation of the peaks. 

 

 

                                                           
13

 A.A. Volkert, V. Subramaniam, M.R. Ivanov, A.M. Goodman, A.J. Haes, ACS Nano 5 

(2011) 4570-4580. 
14

 G. Cao, Nanostructures and Nanomaterials: Synthesis, Properties and Applications, 

Imperial College Press, London, 1
st
 ed., 2004.  



 VI.2. Metallic nanoparticles 

  
 

527 

2.2. Determination of gold nanoparticles 

Predictions have pointed out that gold nanoparticles arising from consumer 

products are expected to reach a concentration of 0.14 µg·L
-1

 (ppb) in water 

samples
15

.
7
On the other hand, a study has reported that commercially available 

1.9 nm gold nanoparticles are biodistributed and accumulated in different 

organs depending on their charge, those negatively charged and non-charged 

nanoparticles being accumulated in the liver
16

.
8
  

Citrate-coated gold nanoparticles have been determined in liver and river water 

samples by stabilization with a cationic surfactant followed by microliquid-liquid 

extraction in ionic liquid (Chapter 10). Ionic liquids present a high affinity to 

gold nanoparticles thanks to their interaction with imidazolium group. The 

extracted nanoparticles can be analyzed by UV-Vis or Raman spectroscopy (by 

using the so-called portable Raman spectrometer 1 previously described).  

 

 

Figure VI.7. Scheme of the extraction process which implies the use of a cationic 

surfactant (CTAC) and ionic liquid with imidazolium cation.  

                                                           
15

 A.B.A Boxall, Q. Chaudhry, A. Jones, B. Jefferson, C.D. Watts, Current and future 

predicted environmental exposure to engineered nanoparticles, Report to Defra, 2008.  
16

 C. Schleh, M. Semmler-Behnke, J. Lipka, A. Wenk, S. Hirn, M. Schäffler, G. Schnid, U. 

Simon and W. G. Kreyling, Nanotoxicology, 2012, 6, 36–46. 
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Sample treatment for each type of sample –river water and liver tissue- has 

been previously described in chapter 10. In a first stage, surfactant micelles coat 

the nanoparticle interacting with them in aqueous phase, and, later, they are 

extracted by the formation of ionic pairs with the ionic liquid anion. Probably 

mixed micelles are formed in which, in addition to the surfactant, there are also 

ionic liquids cations interacting with the nanoparticle (see Figure VI.7).  

AuNPs extracted in ionic liquid have been determined by UV-Vis absorption, 

although their absorption coefficient in ionic liquid is 2.5 times lower than in 

water. Nevertheless, the extraction procedure is necessary in order to remove 

sample matrix interferences. In addition, Raman spectroscopy has been also 

used for their determination. Calibration was performed by partial least square 

modelling (PLS) after principal component analysis (PCA). It was applied to river 

water samples, as well as liver tissue. In the latter case, a low analytical signal 

was observed with UV-Vis detection due to the presence of interferences. Such 

interferences did not affect Raman measurements.  

This IL-based extraction method is similar to that previously described for 

extraction of c-SWNTs (chapter 11). In both cases, the use of a cationic 

surfactant proved to be crucial since both types of NPs were negatively charged. 

However, regarding subsequent detection, in the case of CNTs their Raman 

features enabled direct calibration, while for AuNPs PCA-PLS calibration was 

chosen in order to extract more information from the Raman spectra.  
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VI.3. FACETS OF NANOPARTICLES IN 

ANALYTICAL NANOSCIENCE AND 

NANOTECHNOLOGY 

The different consideration of nanoparticles and nanostructured materials as 

objects (analytes) or tools involved in the analytical process has been repeatedly 

mentioned throughout the Memory of this Doctoral Thesis. Generally, 

nanomaterials in the Analytical Nanoscience and Nanotechnology (AN&N) 

scope are considered as analytical objects or analytical tools. However, a third 

classification, as interface between the two previous, is proposed herein, which 

is the use of nanomaterials in analytical processes for the characterization 

and/or determination of other nanomaterials. In this sense, this Thesis covers 

points 1 and 3 of Figure VI.8 as they will be commented below.  

 

Figure VI.8. Different facets of nanoparticles in Analytical Nanoscience and 

Nanotechnology (AN&N) scope.  

A N & N

Nanomatter as 

analytical objects

1

Nanomatter as 

analytical tools in 
analytical processes

23

Use of nanomaterials in 
analytical processes of 
characterization and 

determination of nanoparticles



 Bloque VI. Resultados y discusión 

 

  
 

530 

3.1. Nanomatter as analytical objects 

This facet of nanomaterials in Analytical Chemistry has been the basis of this 

Doctoral Thesis. In this sense, the main objective of the Thesis was the 

development of methods for the characterization and determination of 

nanostructures such as carbon nanotubes or metallic nanoparticles.  

As summarized in Table VI.1, and previously discussed along this block, carbon 

nanoparticles have been characterized mainly by using Raman spectroscopy. 

This technique has also enabled their determination after 

extraction/preconcentration with the aid of different (nano)materials, namely: 

ionic liquids, AuNPs forming the SERS substrate or MWNTs modified 

membranes.  

On the other hand, metallic nanoparticles have been characterized by several 

techniques including microscopic (TEM, SEM, AFM), spectroscopic (UV-Vis, IR-

ATR, ICP-OES, EDX) and separation techniques such as capillary electrophoresis, 

which allowed the separation of citrate-coated Au and AgNPs of the same size 

on the basis of the different nature of their core by their functionalization with 

thiol derivatives. Furthermore, gold nanoparticles stabilized with cationic 

surfactant (CTAC) in a first stage, and subsequently extracted in ionic liquid were 

determined by UV-Vis and Raman spectroscopy.  

3.2. Use of nanomaterials in analytical processes of characterization and 

determination of nanoparticles 

The synergy between nanotechnology and analytical sciences is self-apparent. In 

this sense, nanoparticles can be used to improve methodologies devoted to 

characterization of nanostructures of different or similar nature (e.g. by 
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functionalizing an atomic force microscopy tip with a multiwalled carbon 

nanotube in order to boost image resolution)
17

.
1
 

This third facet of nanoparticles in AN&N has been also afforded in this Thesis. 

Both bare and citrate coated gold nanoparticles proved their suitability to act as 

SERS substrates. The performance of both types of nanoparticles was assayed 

for the determination of c-SWNTs in river water (chapter 12). In this case, gold 

nanoparticles act as analytical tool improving the detection of carbon 

nanotubes. The presence of metallic nanoparticles produces an enhancement of 

the Raman spectra of carbon nanotubes, enabling the sensitive detection of 

these nanomaterials by means of a portable Raman spectrometer.  

Two enhancement mechanisms –electromagnetic and chemical- are thought to 

contribute to the total enhancement. The electromagnetic mechanism is 

produced by the resonant excitation of AuNPs surface plasmon, which increases 

the electromagnetic field strength at nanoparticles’ surface giving up to 10
12

 

enhancement. On the other hand, the chemical mechanism relies on the 

formation of charge complexes between analyte and metallic NPs producing 

enhancements of 10-100 times
18

.
2
In our case, a 785 nm laser was employed due 

to the fact that experiments with 532 nm laser, which would match AuNPs’ 

plasmon resonance, lead to high fluorescence interferences. Thus, the 

enhancement observed (~39 times) is produced by chemical mechanism, the 

performance showed by bare AuNPs being quite acceptable in such conditions, 

even better than many previously described in literature.    

Another example of this third facet is the use of MWNT-modified membranes 

for the determination of c-SWNTs. The basis of the method is the different 

spectral features, in terms of G-/D-band intensity ratio, shown by each type of 

                                                           
17

 B. Bhushan, T. Kasai, C.V. Nguyen, M. Meyyappan, Microsyst. Technol. 10 (2004) 633-

639. 
18

 H. Ko, S. Singamaneni, V.V. Tsukruk, Small 10 (2008) 1576-1599.  
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nanotubes. When increasing the amount of c-SWNTs deposited over the 

MWNT-modified membrane, G-/D-band intensity ratio linearly increases 

enabling their quantification. The use of this parameter overcomes limitations of 

Raman spectroscopy for quantitative analysis. As can be seen in Table VI.4 the 

limit of detection achieved with this method is better than obtained with SERS 

detection or ionic liquid extraction. The limit is imposed by c-SWNTs 

fluorescence, which increases as much isolated CNTs are on the membrane. 

However, in this case, this problem is palliated by the presence of a background 

of MWNTs forming the membrane, which subdue fluorescence stemming from 

c-SWNTs. As a consequence, it enabled the use of a 532 nm wavelength laser, 

which had been not possible in the case of SERS determination or IL-extraction 

of c-SWNTs. Nevertheless, the same portable Raman spectrometer with a 785 

nm laser employed in those two previous works could also have been employed 

in that of MWNTs membranes, enabling in-situ measurements.  
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La investigación realizada en la presente Tesis Doctoral se ha centrado en el 

desarrollo de métodos analíticos enfocados a la caracterización y determinación 

de nanopartículas y nanomateriales en muestras biológicas y medioambientales. 

Se han caracterizado nanomateriales de diversa naturaleza, entre ellos 

nanopartículas de oro obtenidas a través nuevos procedimientos de síntesis 

propuestos durante el desarrollo experimental de esta Tesis. Siguiendo el 

esquema general de esta Memoria, las conclusiones principales de cada uno de 

los aspectos abordados se recogen a continuación.  

En cuanto a la síntesis de nanopartículas, cabe destacar que se ha propuesto 

un nuevo método de síntesis sencillo, responsable con el medio ambiente, 

económico y en un solo paso, para llevar a cabo la síntesis de nanopartículas de 

oro sin recubrimiento superficial altamente estables. La principal aportación es 

el empleo de un agente reductor sólido –acero inoxidable- que puede 

recuperarse de la disolución y reutilizarse, evitando el uso de agentes químicos. 

El proceso conduce a nanopartículas de oro de forma casi esférica de 20 nm de 

diámetro sin ligandos en su superficie, libres de impurezas de compuestos 

químicos. Las nanopartículas se han caracterizado mediante SEM, TEM, AFM y 

EDX. La síntesis puede llevarse a cabo a presión atmosférica y temperatura 

ambiente, aunque se ha demostrado que elevadas temperaturas incrementan la 

producción de nanopartículas. Cabe destacar que las nanopartículas obtenidas 

son muy estables sin necesidad de añadir agentes estabilizantes, mediada por 

los iones presentes en la disolución.   

El procedimiento de síntesis es fácilmente escalable como se comprobó 

adaptándolo para la producción en flujo continuo de las nanopartículas de oro 

en un reactor tubular de acero inoxidable. El sistema permite la producción de 
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nanopartículas estables de forma altamente reproducible empleando 

componentes disponibles comercialmente. Se trata de un sistema en una única 

fase, en el que no es necesario mezclar disoluciones. Controlando las 

condiciones de la síntesis (velocidad de flujo y temperatura), puede modificarse 

el tamaño de las nanopartículas, como se demostró mediante estudios de UV-

Vis y TEM. Este método puede ser útil para la producción a gran escala de 

nanopartículas de oro sin ligandos en su superficie.  

Respecto a la caracterización de nanopartículas, cabe destacar que además de 

otras técnicas (como las microscópicas) también utilizadas para caracterizar las 

nanopartículas sintetizadas, las principales aportaciones de esta Tesis en este 

sentido abarcan tres técnicas: las espectroscopias Raman e IR-ATR y la 

electroforesis capilar.  

(1) La espectroscopia Raman se ha empleado para la caracterización de 

nanotubos de carbono:  

 Se ha demostrado la necesidad de tener en cuenta el estado de 

agregación de una muestra de SWNTs cuando se llevan a cabo medidas 

Raman, ya que influye en la relación de intensidades de las bandas G y 

D. En el caso de MWNTs la influencia de dicha variable es menos 

significativa.  

 Una vez descartada la posible influencia del haz de láser o del enfoque, 

mediante análisis de clústeres K-NN se clasificó un conjunto de 

espectros con diferente estado de agregación de acuerdo a su relación 

de intensidades de las bandas G y D.  

 Se ha propuesto la dispersión de los SWNTs con ayuda de tensioactivos 

antes del análisis, ya que cuando se analizaron nanotubos no agregados 

se observó que las medidas eran reproducibles.  

 Se ha realizado un estudio detallado de los espectros Raman de siete 

tipos diferentes de nanotubos de carbono en disoluciones de 
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tensioactivos –CTAB, SDS y Tritón X-100-, y los resultados obtenidos se 

han comparado con medidas sólidas de los diferentes tipos de 

nanotubos.  

 Se han analizado mezclas de SWNTs y MWNTs dispersos en 

tensioactivos usando un espectrómetro Raman portátil, siendo posible 

detectar y (semi)cuantificar la presencia de SWNTs en la mezcla usando 

tanto la relación de intensidades de las bandas D y G como la influencia 

sobre el perfil de la banda G.  

(2) La espectroscopia infrarroja con reflexión total atenuada ha demostrado ser 

una herramienta útil para la caracterización de disoluciones de nanopartículas 

de oro.  

 Se ha empleado IR-ATR para monitorizar in-situ la síntesis de 

nanopartículas dentro de la celda ATR mediada por el acero inoxidable 

que forma las paredes de la celda.  

 Conforme son sintetizadas, las nanopartículas cubren el campo 

evanescente reemplazando a las moléculas de agua. A pesar de no ser 

activas en IR, puede observarse la deposición de las AuNPs mediante el 

incremento que producen en las bandas del agua. Este incremento, 

denominado efecto SEIRA, compensa la pérdida de moléculas de agua 

en la región activa, y permite determinar la presencia de las AuNPs.  

 La espectroscopia IR puede usarse también para controlar cambios 

químicos en la disolución que afectan a las nanopartículas, como 

procesos de agregación  consecuencia de cambios de pH o fuerza 

iónica.  

 Se ha demostrado que la espectroscopia IR puede usarse para evaluar 

el proceso de sedimentación de AuNPs con diferentes recubrimientos 

superficiales sobre la superficie ATR.  
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(3) La electroforesis capilar, por otra parte, se ha empleado para la separación 

de nanopartículas de oro y plata cubiertas por citrato.  

 Nanopartículas de Au y Ag de similar tamaño cubiertas de citrato 

mostraron una movilidad electroforética similar cuando se usó un buffer 

compuesto por SDS y CAPS con un 0.1% de metanol a un pH de 9.7.  

 Cuando se introdujeron compuestos tiólicos –ácido tióctico (lipóico o 

6,8-ditioctanoico) y ácido tiomálico (mercaptosuccínico)- como aditivos 

en el buffer, se observó la separación de las nanopartículas gracias a la 

interacción selectiva con estos compuestos.  

 Para aumentar la interacción de las NPs con el buffer, permitiendo la 

funcionalización de las mismas, se empleó la modalidad electroforética 

de preconcentración de un gran volumen de muestra (“large volumen 

sample stacking”), mejorándose la separación.  

Finalmente, en lo que respecta a la determinación de nanopartículas, se han 

desarrollado tres estrategias para la cuantificación de c-SWNTs en muestras de 

agua de río usando en todos los casos la espectroscopia Raman como técnica 

cuantitativa. AuNPs han sido también determinadas mediante espectroscopia 

UV-Vis y Raman.  

(1) Se ha usado la microextracción líquido-líquido de nanopartículas en líquido 

iónico para la determinación de AuNPs y c-SWNTs.  

 Los líquidos iónicos con grupo imidazolio y los tensioactivos catiónicos 

son una buena combinación para extraer tanto AuNPs como c-SWNTs 

de muestras de agua de río, y, en el caso de las primeras, de muestras 

de tejido de hígado de pollo. Gracias a la alta afinidad del grupo 

imidazolio por la nanopartículas es posible preconcentrarlas en un 

pequeño volumen, extrayéndolas de la matriz de la muestra.  
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 En cuanto a la detección de AuNPs, tanto la espectroscopia UV-Vis, 

gracias al plasmón superficial de las NPs, como la espectroscopia 

Raman han demostrado su potencial para la cuantificación de las 

mismas. En el caso de las muestras de tejido de hígado, Raman mostró 

ser menos sensible a las interferencias de la matriz. Se llevó a cabo PCA 

seguido de calibración por PLS.  

 En el caso de c-SWNTs, éstos presentan un espectro Raman 

característico, empleándose la intensidad de la banda D dividida entre 

la intensidad de la banda de tensión del PF6
-
 como señal analítica.  

(2) La espectroscopia Raman amplificada por superficies, usando las AuNPs sin 

ligandos superficiales propuestas anteriormente como substrato SERS, 

permitieron la determinación sensible de c-SWNTS.  

 El substrato SERS se formó mediante la microfiltración de la disolución 

de AuNPs sobre una membrana de celulosa. Dada la simplicidad del 

procedimiento y las pequeñas cantidades de AuNPs necesitadas, se 

prepara un nuevo substrato para cada medida, superando las 

limitaciones de tiempo de vida media y reusabilidad.  

 Los c-SWNTs son depositados mediante microfiltración en el  substrato 

SERS, que produce un incremento de su espectro Raman, permitiendo 

la detección de pequeñas cantidades de nanotubos de carbono en 

muestras acuosas, utilizando como señal analítica la intensidad de la 

banda G de los CNTs.  

(3) Membranas modificadas con MWNTs permitieron la preconcentración y 

determinación directamente sobre la membrana de c-SWNTs en muestras de 

agua de río.  

 Las membranas de celulosa modificadas con MWNTs se prepararon a 

partir de dispersiones de MWNTs en tensioactivo Tritón X-100.  
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 Los c-SWNTs son microfiltrados y retenidos en la membrana mediante 

interacciones π-π con los MWNTs.  

 La medida directa en la membrana de la variación de las intensidades 

relativas de las bandas G y D de los CNTs conforme se retienen 

cantidades mayores de c-SWNTs se usó como señal analítica, 

mejorando los límites de detección y superando las limitaciones de la 

espectroscopia Raman para el análisis cuantitativo. 

 Se llevó a cabo un estudio de la interferencia de ácidos húmicos, 

adaptando la metodología con el fin de evitar dichas interferencias.   
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The research performed in this Doctoral Thesis is centered on the development 

of analytical methods focused on the characterization and determination of 

nanoparticles and nanomaterials in biological and environmental samples. 

Nanomaterials of different nature have been subjected to characterization, gold 

nanoparticles obtained through new synthetic procedures proposed during the 

experimental work of this Thesis being among them. According to the general 

scheme of this Memory, the main conclusions of each of the issues addressed 

are presented as follows.  

Regarding the synthesis of nanoparticles, it should be pointed out that a 

simple, environmentally friendly, inexpensive, one-pot method to synthesize 

highly stable bare gold nanoparticles has been proposed. The main contribution 

is the use of a solid reducing agent -stainless steel- which can be recovered 

from solution and reused, avoiding the use of harsh chemicals. The process 

leads to 20 nm size, nearly spherical shaped gold nanoparticles without ligands 

in their surface, in which impurities of chemical compounds are absent. 

Nanoparticles have been characterized by SEM, TEM, AFM and EDX. The 

synthesis can be carried out at atmospheric pressure and room temperature, 

although it has been demonstrated that higher temperatures increased the 

production of the nanoparticles. A highlight of the procedure is that bare gold 

nanoparticles produced proved to be very stable without needing further 

stabilizing agents, just mediated by the chloride ions present in solution 

shielding the nanoparticles.   

The synthesis procedure is easily scalable as proved by adapting it for 

continuous flow synthesis of gold nanoparticles in a stainless steel tubular 

reactor. The system enables high throughput production of highly reproducible 
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and stable bare gold nanoparticles by using commercially available 

components. It is a single-phase system, avoiding mixing of solutions. By 

controlling the conditions of the synthesis (flow rates, temperature), the size of 

the nanoparticles may be tuned as demonstrated by UV-Vis and TEM studies. 

This method can be useful for the scale-up production of gold nanoparticles 

without ligands in their surface.   

Concerning the characterization of nanoparticles, it should be remarked that, 

in addition to other techniques (i.e. microscopic) also used for characterizing 

synthesized nanomaterials, the main contributions of this Thesis in this respect 

comprises three techniques, namely: Raman and IR-ATR spectroscopies and 

capillary electrophoresis.  

(1) Raman spectroscopy has been employed for the characterization of carbon 

nanotubes: 

 The need of carefully consider the aggregation state of a sample of 

SWNTs when recording Raman spectra has been demonstrated,  since it 

influences G-/D-band intensity ratio. In the case of MWNTs this variable 

showed less influence.  

 Once discarded the possible influence of laser beam or sample 

focusing, K-NN neighbors classified a set of spectra with different 

aggregation according to their G-/D-band intensity ratio.  

 Dispersion of SWNTs prior analysis with the aid of surfactants was 

proposed, since when analyzing debundled carbon nanotubes the 

reproducibility of measurements was consistent. 

 A detailed study of the Raman spectra of seven types of CNTs in 

different surfactant solutions –CTAB, SDS and Triton X-100- has been 

carried out, and the results obtained compared with solid 

measurements of the different types of CNTs.  
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 Mixtures of SWNTs and MWNTs dispersed in surfactant solutions have 

been analyzed by using a portable Raman spectrometer. The detection 

and (semi)quantification of the presence of SWNTs in the mixture was 

possible by using both the D-/G-band intensity ratio and the effect on 

the G band lineshape. 

(2) Infrared attenuated total reflection spectroscopy has proved to be a suitable 

tool for the characterization of gold nanoparticles solutions. 

 IR-ATR was used to monitor the in-situ synthesis of AuNPs in the liquid 

cell of the ATR unit mediated by the stainless steel walls of the ATR cell.  

 As gold nanoparticles were synthesized, they covered the evanescent 

field replacing water molecules. Despite being no IR active, gold 

nanoparticles deposition was observed by the enhancement they 

produced over water featured bands. This surface-enhancement, SEIRA 

effect, overcompensated the lost of water molecules on the surface 

active region, and allowed the determination of the presence of gold 

nanoparticles. 

 IR can be also used to control chemical changes in solution that may 

affects the gold nanoparticles, such as aggregation processes as a 

consequence of changes of pH or ionic strength. 

 It has been shown that IR spectroscopy can be used to evaluate the 

sedimentation process of gold nanoparticles with different surface 

coatings on the ATR surface.  

(3) Capillary electrophoresis has been also employed for the separation of 

citrate-capped gold and silver nanoparticles.  

 Au and AgNPs of similar size covered with citrate showed similar 

electrophoretic mobility when using a buffer composed by SDS and 

CAPS with 0.1% of methanol at a pH of 9.7.  
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 When introducing thiol derivatives –thioctic (lipoic or 6,8-dioctanoic) 

and thiomalic (mercaptosuccinic) acids- as additives to the buffer, 

separation of NPs was observed thanks to the selective interaction of 

the NPs with these compounds.  

 In order to increase the interaction of NPs with buffer, enabling 

functionalization of the nanoparticles, large volume sample stacking 

electrophoretic modality was employed, improving their separation.  

Finally, regarding the determination of nanoparticles, three strategies have 

been developed for quantifying c-SWNTs in river water samples by using in all 

the cases Raman spectroscopy as analytical technique. AuNPs have been also 

determined by UV-Vis and Raman spectroscopy.  

(1) Liquid-liquid microextraction of nanoparticles in ionic liquid phase has been 

used for the determination of both AuNPs and c-SWNTs.  

 Imidazolium-based ionic liquids with cationic surfactant proved to be a 

good combination to extract both AuNPs and c-SWNTs from river 

water samples, and, in the case of the former, chicken liver tissue 

samples. NPs were preconcentrated in a low volume thanks to the high 

affinity of imidazolium group towards them, being extracted from the 

sample matrix. 

 Regards detection of AuNPs, both UV-Vis spectroscopy, thanks to NPs 

surface plasmon, and Raman spectroscopy, proved to be suitable for 

their quantification. In the case of liver tissue samples, Raman showed 

to be less sensitive to matrix interferences. PCA followed by PLS 

calibration was employed.  

 In the case of c-SWNTs, they show a characteristic Raman spectrum. 

The ratio between D-band and PF6
- stretching band intensities was 

employed as analytical signal.  



 Conclusions 

 

  
 

545 

(2) Surface enhanced Raman spectroscopy, by using the previously proposed 

bare AuNPs as SERS substrate, enabled the sensitive determination of c-SWNTs.  

 The SERS active substrate is formed by microfiltration on a cellulose 

membrane of the bare AuNPs solution. Due to the simplicity of the 

procedure and low quantities of AuNPs needed, a new substrate is 

prepared for each measurement overcoming limitations of substrate 

shelf-life and reusability.  

 c-SWNTs are deposited by microfiltration on the SERS substrate which 

produces an enhancement of their Raman spectrum, allowing the 

detection of small quantities of carbon nanotubes in water samples, by 

using as analytical signal CNTs G-band intensity.  

(3) Membranes modified with MWNTs enabled the sequential preconcentration 

and on-membrane determination of c-SWNTs in river water samples. 

 MWNT-modified cellulose membranes were prepared from aqueous 

surfactant dispersions of MWNTs in Triton X-100.  

 c-SWNTs were microfiltrated and retained in the membrane through 

π-π interactions with MWNTs.  

 Variation of G-/D-band intensity ratio as increasing amounts of          

c-SWNTs were retained and directly measured on-membrane was 

used as analytical signal, improving the detection limits and 

overcoming limitations of Raman spectroscopy for quantitative 

analysis.  

 An interference study of humic acid was performed the methodology 

being adapted to avoid such interferences.  
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La redacción de esta Memoria, junto con la experiencia adquirida durante el 

desarrollo de esta Tesis Doctoral, ha proporcionado una visión general y 

objetiva del trabajo presentado. En esta sección se ha llevado a cabo una 

autoevaluación crítica de los resultados obtenidos con el fin de valorar, por un 

lado, las principales aportaciones del trabajo a la comunidad científica, así como 

analizar las limitaciones con vistas a planificar futuras investigaciones.  

Las principales aportaciones de esta Tesis Doctoral están dirigidas a la síntesis, 

caracterización y determinación de nanopartículas de diferente naturaleza.  

En el caso de la síntesis de nanopartículas, se ha propuesto un nuevo 

procedimiento de síntesis, que ha sido adaptado para la producción de AuNPs 

en continuo de manera sencilla, respetuosa con el medio ambiente y que 

genera nanopartículas de oro sin ligandos en superficie altamente estables. En 

el caso del uso del reactor de flujo continuo tiene lugar la producción de 

nanopartículas reproducibles, con el tamaño deseado, sin necesidad de mezclar 

disoluciones.  

Sin embargo, la polidispersidad de las nanopartículas podría mejorarse. Aunque 

es comparable con las obtenidas mediante otros métodos de síntesis usados 

comúnmente, puede verse influenciada por la ausencia de ligandos unidos a la 

superficie de las nanopartículas que controlen su crecimiento. No obstante, 

como se comentó anteriormente, flujos medios en el reactor conducen a la 

formación de nanopartículas con una distribución de tamaños más estrecha. 

Además, podrían realizarse más estudios para profundizar en el mecanismo de 

producción de las nanopartículas. En el caso de la producción en flujo continuo, 

podría estudiarse en profundidad el tiempo de vida media del reactor a fin de 
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evaluar si puede influir en el tamaño y composición de las nanopartículas 

sintetizadas.  

En cuanto a la caracterización de nanopartículas, aparte de las microscopías, 

los nanotubos de carbono se han analizado mediante espectroscopia Raman, 

mientras que las disoluciones de nanopartículas de oro se han caracterizado por 

espectroscopia infrarroja y electroforesis capilar. La espectroscopia Raman ha 

demostrado ser una herramienta simple y barata para la identificación rápida de 

SWNTs en mezclas de MWNTs. La baja capacidad de disipación de calor de los 

CNTs limita su medida en estado sólido, a menos que el equipo permita utilizar 

potencias de láser muy bajas. En este sentido, el uso de un espectrómetro 

Raman confocal con un detector de carga acoplada con multiplicador de 

electrones (EMCCD) mejora la sensibilidad, a pesar de usar potencias de láser 

bajas. El problema se ha solucionado también mediante la dispersión de los 

CNTs en tensioactivos, lo que permite el uso de equipos Raman más 

económicos. Sería útil llevar a cabo la comparación de los espectros Raman de 

dispersiones de CNTs en tensioactivos y de los mismos sólidos a la misma 

longitud de onda del láser (las dispersiones se midieron con un láser de 785 nm 

y los sólidos con uno de 532 nm).  

La principal limitación para la caracterización de nanopartículas de oro mediante 

electroforesis capilar es el pequeño paso óptico del capilar, lo que reduce la 

sensibilidad. Para intentar solucionar esta limitación, se usó un equipo de 

electroforesis con una fibra óptica que transmite la señal al detector, así como el 

empleo del método de preconcentración de un gran volumen de muestra 

(“large volume sample stacking”)  para mejorar, por un lado, la sensibilidad y, 

por otro, la interacción de las nanopartículas con el buffer electroforético. Se 

usó un capilar de 75 µm de diámetro para evitar el bloqueo del mismo cuando 

se inyectaron bolos de nanopartículas altamente concentradas.  
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Por otro lado, cuando se empleó la espectroscopia infrarroja para caracterizar 

las disoluciones de AuNPs, el principal inconveniente es la baja velocidad de 

sedimentación de las NPs en la superficie ATR. Aunque se añadió CTAC con el 

fin de acelerar su deposición, si se pudiera incrementar aún más la velocidad, 

esta técnica podría emplearse para la rápida determinación y cuantificación de 

AuNPs. 

La dispersión de luz dinámica (DLS, en inglés) es una herramienta analítica 

usada comúnmente para determinar el tamaño hidrodinámico de 

nanopartículas y coloides en medio líquido. En nuestro caso, no hemos tenido 

acceso a esta técnica, que sin duda hubiese resultado muy interesante para 

contrastar y completar la caracterización de las nanopartículas utilizadas 

durante el desarrollo de esta Tesis Doctoral.   

En lo que respecta a la determinación de nanopartículas, la espectroscopia 

Raman ha demostrado igualmente ser una herramienta eficaz para este fin. Se 

han determinado c-SWNTs, por un lado, mediante microextracción líquido-

líquido en líquido iónico, que permitió su preconcentración, evitando 

interferencias de la matriz de la muestra ya que los CNTs son extraídos en la 

fase de líquido iónico. En segundo lugar, se han determinado mediante 

espectroscopia SERS gracias al incremento proporcionado por las 

nanopartículas de oro sintetizadas con acero inoxidable. La formación del 

substrato SERS es sencilla, necesitándose pequeñas cantidad de nanopartículas. 

Finalmente, se han retenido y cuantificado c-SWNTs  con mejor sensibilidad 

directamente sobre membranas modificadas con MWNTs.  En todos estos 

métodos se empleó un dispositivo de microfiltración casero con un pequeño 

diámetro de filtración, lo que mejoró la preconcentración de los CNTs en los 

diferentes soportes donde se depositaron. La retención de los c-SWNTs en 

membranas (modificadas con diferentes materiales: MWNTs, substrato SERS de 
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nanopartículas de oro) mejoró la sensibilidad de los métodos permitiendo llevar 

a cabo medidas Raman cuantitativas.  

Una limitación de estas metodologías es la interferencia de la fluorescencia 

evitando obtener mejores límites de detección, que están en el rango de los 

µgL
-1

 mientras que las predicciones teóricas sitúan la presencia de CNTs en 

muestras acuosas medioambientales en el rango de los ngL
-1

. En cualquier caso, 

estos métodos pueden considerarse como una primera aproximación a la 

cuantificación de dichos nanomateriales en matrices acuosas. Gracias al uso de 

un espectrómetro Raman portátil podrían aplicarse como métodos de cribado 

para controlar las posibles emisiones de dichos materiales en puntos de 

contaminación como factorías, vertederos o efluentes de aguas residuales, en 

donde se encontrarán en mayor concentración. En el caso de las medidas SERS, 

se podría haber obtenido un mayor incremento de la señal si se hubiese 

empleado un láser con una longitud de onda en resonancia con el plasmón 

superficial de las AuNPs. Se probó con un láser de 532 nm, observándose 

mayores incrementos de señal, que iban acompañados de una mayor 

interferencia de la fluorescencia. La curva de calibrado de las medidas SERS se 

ajusta a una isoterma de Langmuir, por lo que a la hora de cuantificar las 

muestras debemos asegurar que la concentración se encuentra en la región 

linear, diluyendo la muestra en caso necesario.  

Solamente en el caso de la preconcentración de c-SWNTs en las membranas 

modificadas con MWNTs se llevó a cabo un estudio de la interferencia de los 

ácidos húmicos. No obstante, en todos los casos se hicieron estudios de 

recuperación de muestras de agua de río encontrándose valores aceptables. En 

el caso de la microextracción en líquido iónico la selectividad se mejora 

mediante el proceso de extracción así como mediante la medida Raman 

característica de los CNTs. Otras especies de carbono podrían interferir en la 

señal, en este sentido, en lugar de usar para la cuantificación la banda D 
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mostrada a modo de ejemplo en este trabajo, que es más sensible a la 

presencia de defectos e impurezas de carbono, el empleo de la banda G sería 

más selectivo.  

El uso de la relación de intensidades de las bandas G y D en el caso de las 

membranas modificadas con MWNTs presenta la ventaja de que dicho 

parámetro es independiente de las condiciones de medida, como la potencia 

del láser o el enfoque, superando las limitaciones de la espectroscopia Raman 

en análisis cuantitativo. Para aplicarlo a una muestra de CNTs con una relación 

de intensidades de las bandas G y D desconocida, debe llevarse a cabo la 

medida en primer lugar en una membrana sin modificar para calcular la relación 

de intensidades, y, posteriormente, en una membrana modificada con MWNTs 

para cuantificar la presencia de los CNTs.  

Por último, las nanopartículas de oro se han determinado mediante 

microextracción en líquido iónico, no sólo de muestras de agua de río sino 

también de tejido de hígado de pollo. La extracción es cuantitativa y las 

nanopartículas extraídas en la fase de líquido iónico fueron analizadas por 

espectroscopia UV-Vis y Raman, estando esta última menos afectada por la 

interferencias de la matriz en el caso de la muestras de tejido de hígado. Hasta 

donde sabemos, la señal Raman de las nanopartículas de oro no se había 

explotado hasta ahora desde un punto de vista analítico.  

El coeficiente de absorción molar de las AuNPs en el medio de líquido iónico es 

2.5 veces menor que en agua, lo que disminuye la sensibilidad del método. Sin 

embargo, la extracción es necesaria para eliminar interferencias de la matriz de 

la muestra. Para calcular la concentración de las AuNPs, se utilizó el método 

propuesto por Haiss et al.
1
, que tiene la limitación de que los ligandos de la 

superficie de las nanopartículas –citrato en este caso- pueden afectar a las 

                                                           
1
 W. Haiss, N.T.K. Thanh, J. Aveyard, D.G. Fernig, Anal. Chem. 79 (2007) 4215-4221.  
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propiedades ópticas de las mismas. Por otro lado, las bandas Raman de las 

nanopartículas de oro no han sido ampliamente descritas. Se empleó, por tanto, 

PCA seguido de calibración por PLS usando dos regiones del espectro para no 

perder información, lo que dificulta la calibración y el tratamiento de los datos 

en comparación con la calibración directa usada en el caso de la detección de c-

SWNTs.  

El análisis de nanopartículas en muestras reales es difícil, en parte porque no es 

posible conocer qué ligandos están unidos a las nanopartículas. Se 

seleccionaron AuNPs cubiertas por citrato, ya que son las más ampliamente 

usadas en aplicaciones. Tanto en el caso de muestras de agua de río como de 

hígado de pollo, tras fortificar la muestra, las nanopartículas se dejaron en 

contacto con el medio 4 horas para promover posibles intercambios de 

ligandos entre componentes de la muestra y citrato. En nuestra opinión, la 

extracción líquido-líquido es un buen procedimiento ya que se trabaja en 

condiciones de exceso de ligando, por lo que es razonable pensar que dichos 

ligandos pueden ser intercambiados por el catión del líquido iónico. Aunque 

este proceso, probablemente, tenga lugar en todos los casos, cabe destacar que 

la cinética puede ser diferente dependiendo del ligando. Por tanto, habría que 

estudiar la cinética y re-optimizar la cantidad de tensioactivo cuando se 

empleen nanopartículas con ligandos diferentes.  
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The preparation of this Memory, together with the experience gained during the 

development of this Doctoral Thesis, has provided an objective overview of the 

work presented herein.  In this section, a critical assessment of the results 

achieved has been conducted to evaluate, on the one hand, the main 

contributions that the work can provide to the scientific community and, on the 

other hand, the drawbacks and shortcomings with a view to planning further 

investigations. 

The main contributions of this Thesis are devoted to the synthesis, 

characterization and determination of nanoparticles of different nature.  

In the case of the synthesis of nanoparticles, a novel synthetic procedure, 

which has been adapted for continuous flow production of AuNPs, has been 

proposed with the highlights of being simple, environmentally friendly, leading 

to highly stable bare gold nanoparticles. In the case of the use of the continuous 

flow reactor, high throughput production of tailor-made bare AuNPs takes place 

without mixing solutions with good reproducibility.  

However, the polydispersity of the nanoparticles could be improved. Although it 

is comparable with other commonly employed synthetic routes, the absence of 

ligands attached into the nanoparticles’ surface controlling their growth may 

influence it. Nevertheless, as previously reported, medium flow rates conditions 

in the reactor led to AuNPs with a narrower size distribution. Moreover, further 

studies could be performed to delve into the mechanism of the production of 

AuNPs. In the case of continuous flow production, the half-life time of the 

reactor could be studied in depth in order to evaluate if the composition and 

size of AuNPs obtained change after several use of the reactor.  
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Regarding the characterization of nanoparticles, apart from microscopic 

techniques, carbon nanotubes have been analyzed by Raman spectroscopy, 

while gold nanoparticles solutions have been characterized by infrared 

spectroscopy and capillary electrophoresis. Raman spectroscopy proved to be a 

simple and inexpensive tool for the rapid identification of SWNTs in mixtures of 

MWNTs. The poor heat dissipation of CNTs limits their measurement in solid 

state, unless the equipment allows setting very low laser power. In this sense, 

the use of a confocal Raman spectrometer with an electron multiplying charge 

coupled device (EMCCD) provides increased sensibility, although using very low 

laser powers. This problem has been also overcome by dispersing the CNTs in 

surfactants, enabling the use of less expensive Raman equipments. It would be 

useful to compare CNTs surfactant dispersions and solid sample spectra 

measured with the same laser wavelength (herein dispersion were measured 

with a 785 nm laser and solid samples with a 532 nm one).  

The main limitation found in the characterization of gold nanoparticles with 

capillary electrophoresis is the small pathlength of the capillary, which leads to a 

low sensibility. CE equipment with an optic fiber coupled to the detector was 

employed in order to overcome this drawback as well as the use of large volume 

sample stacking for both increasing the sensitivity and the interaction of the 

nanoparticles with buffer solution. A 75-µm capillary was used in order to avoid 

its blockage when injecting highly concentrated NPs plugs.  

On the other hand, when using infrared spectroscopy to characterize AuNPs 

solutions, the main shortcoming is the low rate of sedimentation of NPs on the 

ATR surface. Although CTAC was added in order to accelerate their deposition, if 

the rate could be further increased this technique might be used for the rapid 

determination and quantification of AuNPs. 

Dynamic light scattering (DLS) is an analytical tool routinely used for measuring 

the hydrodynamic size of nanoparticles and colloids in liquid environments. In 
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our case, we did not have access to this technique, which certainly would have 

been very interesting in order to contrast and complete the characterization of 

nanoparticles used during the development of this Thesis.    

Concerning the determination of nanoparticles, Raman spectroscopy has also 

revealed as a powerful tool for this task. c-SWNTs have been determined, on the 

one side, by liquid-liquid microextraction in ionic liquid, which enabled their 

preconcentration, avoiding interferences of sample matrix since the NPs are 

extracted into the ionic liquid phase. Secondly, they have been determined by 

SERS spectroscopy taking advantage of the enhancement properties of bare 

gold nanoparticles produced with the stainless steel. The formation of the SERS 

substrate is simple, low quantities of gold nanoparticles being needed for its 

preparation. Finally, MWNT-modified membranes also allowed the retention 

and quantification of c-SWNTs directly on the membrane with better sensitivity. 

Common to all these methods is the use of a home-made microfiltration device 

with a small diameter of filtration, which improved the preconcentration of CNTs 

in the different platforms where they were deposited. The retention of c-SWNTs 

on membranes (modified with different materials: MWNTs, AuNPs SERS 

substrate) increased the sensitivity of the methods, enabling quantitative Raman 

measurements to be performed.  

Fluorescence interference is the major limitation of these methodologies, which 

prevent from achieving better limits of detection, which fall in the µgL-1 range, 

while theoretical predictions expect CNT concentration in aqueous 

environmental samples in the ngL-1 range. Nevertheless, these methods can be 

considered as a first approximation to the quantification of these nanomaterials 

in water matrices. Thanks to the use of portable Raman spectrometers, those 

procedures could be applied as screening methods to control the release of 

such materials in source points of contaminations such as factories, landfills or 

wastewater effluents where the concentrations are expected to be higher. In the 
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case of SERS measurements, a greater increase would have been obtained if a 

laser in resonance with AuNPs plasmon had been used. We proved with a 532 

nm laser, observing larger signal enhancements, however, higher fluorescence 

interferences were also found. The calibration curve of SERS measurements fits a 

Langmuir isotherm, thus, when quantifying samples, we should ensure that our 

concentration falls in the linear region, or dilute the sample if necessary.  

Only in the case of the preconcentration of c-SWNTs on MWNTs modified 

membranes, an interference study was performed using humic acids. 

Nevertheless, recoveries studies with river water samples were performed in all 

the cases finding acceptable values. Regarding ionic liquid microextraction, 

selectivity is improved by the extraction step as well as the fact that Raman 

signal are characteristic of CNTs. Other carbonaceous materials could interfere 

in the signal, in this sense, instead of using D band for quantification, as shown 

as example in that work, which is more sensitive to defects and carbonaceous 

impurities, the use of G band would be more selective.   

The use of G-/D-band intensity ratio as analytical signal in the case of MWNTs 

modified membranes shows the advantage that this parameter does not 

depend on Raman conditions, such as laser power or sample focusing, 

overcoming limitations of Raman spectroscopy for quantitative analysis. If the 

G-/D-band intensity ratio of an unknown CNT sample need to be calculated, a 

two-filter assay can be carried out, using a nonmodified membrane to 

determine the G-/D-band intensity ratio followed by a MWNT-modified 

membrane to quantify the amount of CNTs present.  

Finally, gold nanoparticles have been determined by microextraction in ionic 

liquids not only in river water samples but also in liver tissue. The extraction 

proved to be quantitative and NPs extracted within the IL phase were analyzed 

by UV-Vis and Raman spectroscopy, the latter being less affected by matrix 

interferences in the case of liver tissue samples. To our knowledge, the Raman 
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signal of gold nanoparticles had not been exploited until now from an analytical 

point of view.  

The molar absorption coefficient of AuNPs in the ionic liquid is 2.5 times lower 

than in water, which decreases the sensitivity of the method. However, the 

extraction is necessary in order to remove interferences from the sample matrix. 

In order to calculate the concentration of gold nanoparticles, the method 

proposed by Haiss et al.1 was followed, which has some limitations due to the 

fact that ligands coating the nanoparticles –citrate in this case- may affect their 

optical properties. On the other hand, Raman spectral features of gold 

nanoparticles have not been widely described. Thus, PCA followed by PLS 

calibration was employed using two regions of the spectrum in order not to lose 

information, which difficult calibration and data treatment in comparison with 

direct calibration employed in the case of c-SWNTs detection.  

The analysis of nanoparticles in real samples is difficult, in part because it is not 

possible to know the ligand coating that nanoparticles have. Citrate-capped 

AuNPs were selected because they are the most widely used in applications. In 

the case of both river water and liver samples, after spiking the sample, 

nanoparticles were left in the medium for 4 hours in order to promote possible 

ligand changes between compounds of the sample and citrate. In our opinion, 

the liquid–liquid extraction is a good procedure because it works with excess of 

ligand, then it is reasonable to think that ligands can be exchanged by the 

cation of the IL. Although this process, probably, takes place in all cases, it must 

be remarked that the kinetics can be different depending on the ligand. Then, 

when analyzing nanoparticles with a different ligand, the kinetics as well as the 

amount of surfactant must be re-studied or re-optimized. 

 

                                                           
1
 W. Haiss, N.T.K. Thanh, J. Aveyard, D.G. Fernig, Anal. Chem. 79 (2007) 4215-4221.  
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I. We propose the use of ATR-FTIR

spectroscopy as tool for the study of gold

nanoparticles solutions.

II. ATR-IR was used to monitor the in-

situ synthesis of gold nanoparticles

in the ATR unit by measuring an

enhancement of water bands due to

SEIRA effect.

III. IR can be also used to control

chemical changes in solution that may

affect the gold nanoparticles.

IV. It has been shown that IR spectroscopy

can be used to evaluate the sedimentation

process of gold nanoparticles on the

surface.

d= 20  6 nm

• AuNPs are synthesized from tetrachloroauric acid solution using stainless steel as

solid reducing agent[1].

• Bare AuNPs without any ligand in their surface are obtained, with an average

diameter of 20 nm.

d= 21  9 nm

• IR measurements were performed using

a Vertex 70 FT-IR spectrometer equipped

with a BioATRCell-II unit.

• AuNPs were directly synthesized inside

the ATR unit by means of the stainless

steel which forms the unit walls.

•While synthesizing, AuNPs adsorb in the SiO2 ATR surface.

Despite the IR inactivity of AuNPs, their formation can be

monitored by measuring the increase in water absorption

bands by SEIRA effect.

• As AuNPs are formed and deposited on the ATR surface, an

increase in the H2O bending and the OH stretching bands is

observed, despite a decrease in the amount of water molecules

present in the evanescent field during the deposition and exchange

of water molecules by AuNPs.
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Height of the δ(H2O) bending vibration
band at 1644 cm-1 and best-fit function of
the band height versus time.

H2O bending mode OH stretch

Scanning electron microscopy images of in-
situ synthesized gold nanoparticles: (left)
after 20 min, (right) after 100 min.

• A stainless steel O-ring was glued on a

piece of silicon. HAuCl4 was added and

the formation of AuNPs investigated by

SEM.
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UV-Vis spectra of the gold
nanoparticles solution prior and
after the addition of NaCl
increasing the ionic strength of
the solution which leads to the

aggregation of the AuNPs.

Plot of the water OH stretching
band height versus time. At
minute 11, 10 µL of 1M AgNO3

solution were added.

Plot of water bending band
height versus time during the
sedimentation of citrate-coated
and bare gold nanoparticles in

CTAC media.

• Increasing ionic strength of the solution

containing AuNPs results in NP aggregation

• The gravitational sedimentation of AuNPs was

monitored. CTAC was added in order to increase the

sedimentation rate.

In-situ ATR-SEIRA spectra during the
synthesis of AuNPs inside the ATR unit in a
D2O environment. The D2O features shown
in the spectra are directly the enhancement

produced as AuNPs are obtained.

δ (D2O) band height evolution with time
as gold nanoparticles are synthesized in
the ATR cell and deposited on the SiO2

surface. Points were fitted to a Langmuir
model.

• Similarly to that observed in water media, as gold nanoparticles are synthesized in deuterium
oxide media, absorption signals of υ(OD) and υ(CH) emerge with enhanced intensity.

• The kinetic of the reaction

follows a different rate depending

on the concentration of gold(III)

precursor: HAuCl4.

•When increasing the

temperature, the

enhancement of water

bands is observed faster,

meaning that NPs are

formed more rapidly.

FIGURE: Plot of δ(H2O) band height
versus HAuCl4 water solution
concentration at a time of 31
minutes.

[1] A.I. López-Lorente, B.M. Simonet, M. Valcárcel, B.

Mizaikoff. Anal. Chim. Acta 788 (2013) 122-128.
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