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Abstract / Resumen 

he exponential growth of using nanoparticles in industry and other 

fields, over recent years, demands the need to develop analytical 

methods for nanoscale characterization and for the analysis of 

products, as well as to perform toxicological and environmental 

controls. In the framework of Analytical Chemistry, the possibility of use 

nanoparticles with unique properties allows the development of new 

strategies of analysis, or improvement of existing ones, for analytical 

control of compounds of environmental, food, clinical or toxicology 

interest. In this way, this Thesis is focused on the use of Quantum Dots 

as potential analytical tools in the environmental, clinical and food field. 

The introduction summarizes the role of nanomaterials in the context of 

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

composition, characteristics or properties. Additionally, it provides a 

critical view of the progress that is being achieved in the different 

sensoring strategies using QDs to encourage their use, including 

potential challenges. 

The first chapter summarizes the materials, equipment and 

methodology used in this Thesis. 

The second chapter is based on the synthesis of CdSe/ZnS QDs; as well 

as the contribution on the development of different strategies for the 

modificacion of QDs surface, that allows the use of these nanomaterials 

from an analytical perspective. In this context, it is proposed the 

modification of QDs surface with different thiol ligands involving the 

use of microwave irradiation and the modification of QDs surface with 

T 
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different cyclodextrins as coating ligands involving the use of ultrasonic 

irradiation. These methodologies provide water-soluble QDs for 

analytical purposes. The last part of this chapter contributes to the 

analysis of modified QDs in order to determine the influence of these 

modifications in their physicochemical properties by using spectroscopic 

and separation techniques. 

Finally, the third chapter is based on the analytical uses of modified 

QDs, following the methodologies described in the second chapter, in 

the different fields (environmental, food and clinical). In this way, QDs 

were used as analytical tools on different strategies of analysis to exploit 

their photoluminescent properties in different application fields, such as 

environmental monitoring, food, pharmaceutical or clinical 

determinations, obtaining a specific or selective response to the analyte 

of interest. 
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l crecimiento exponencial del uso de nanopartículas en la industria y otros 

campos, en estos últimos años, demanda la necesidad de desarrollar métodos 

analíticos para su caracterización a nivel de nanoescala, y para el análisis de 

productos, así como para realizar el control toxicológico y medioambiental. 

Desde el contexto de la Química Analítica, la posibilidad de usar nanopartículas 

con propiedades únicas permite el desarrollo de nuevas estrategias de análisis, o 

bien la mejora de las ya existentes, para el control analítico de compuestos de 

interés medioambiental, alimentario, clínico o toxicológico. En este sentido, esta 

Tesis se ha focalizado en el uso de Quantum Dots (QDs, puntos cuánticos) 

como herramientas potenciales analíticas en el campo medioambiental, clínico y 

alimentario.  

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

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

composición, características o propiedades. Además, proporciona una visión 

crítica de los progresos que se están logrando en las diferentes estrategias de 

detección usando QDs para fomentar su uso, incluyendo posibles retos. 

El primer capítulo recoge los materiales, equipamiento y metodología usada en 

esta Tesis. 

El segundo capítulo se basa en la síntesis de QDs de tipo CdSe/ZnS; así como la 

contribución en el desarrollo de diferentes estrategias para la modificación de la 

superficie de los QDs, que permite el uso de estos nanomateriales desde una 

perspectiva analítica. De esta manera, se ha propuesto la modificación de la 

superficie de los puntos cuánticos con diferentes ligandos tiol, que implica el uso 

de irradiación con microondas y la modificación de la superficie de los QDs con 

diferentes ciclodextrinas como ligandos de recubrimiento que implican el uso de 

irradiación con ultrasonidos. Estas metodologías proporcionan QDs solubles en 

agua con fines analíticos. La última parte de este capítulo contribuye al análisis 

de QDs modificados para determinar la influencia del proceso de modificación en 

sus propiedades fisicoquímicas mediante el uso de técnicas espectroscópicas y de 

E 
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separación. 

Finalmente, el tercer capítulo se basa en los usos analíticos de los QDs 

modificados, siguiendo las metodologías descritas en el segundo capítulo, en los 

diferentes ámbitos (medioambiental,  alimentario y clínico). De esta manera, se 

utilizaron QDs como herramientas analíticas en diferentes estrategias de 

análisis para explotar sus propiedades fotoluminiscentes en diferentes campos de 

aplicación, como el control medioambiental, alimentario, farmacéutico o clínico, 

mediante la obtención de una respuesta específica o selectiva para el analito de 

interés. 
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AIM 

OBJETIVO 

 

 

 

 

he general purpose of this Doctoral Thesis is to address the different 

analytical strategies from two main aspects: the modification and 

characterization of nanoparticles and their use as potential analytical 

tools in the field of environmental, clinical and food control. This general 

objective is based on the following three specific objectives: 

1. To provide a critical view of the progress that is being achieved 

in the different sensoring strategies using QDs to encourage their 

use, including potential challenges. 

2. To propose simple strategies, or improvements of existing ones, 

that allow the use of quantum dots from an analytical 

perspective. Therefore, the compatibility of QDs, initially in 

organic medium, with aqueous medium. Likewise, it is an 

objective to contribute to the analysis of modified QDs to 

determine the degree of influence on their physicochemical 

properties the modification process. 

 

“Caminante no hay camino, se hace camino al andar”. 

Antonio Machado 
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3. To develop new analytical methods, or improving existing ones, 

based on the use of QDs as analytical tools on different strategies 

of analysis. To this end, the aim is obtaining a specific or 

selective response to the analyte of interest. For this purpose, it is 

intended to exploit their photoluminescent properties in 

different application fields, such as environmental monitoring, 

food, pharmaceutical or clinical.  

All these objectives are reported, therefore, in two chapters dealing with 

the experimental results based on the use of each of these approaches: (i) 

synthesis, modification strategies and characterization of QDs, and (ii) 

application of QDs as analytical tools in different application fields: 

environmental, food and clinical. 

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

developed under the research line of the group named ʺSimplification, 

automatization and miniaturization of analytical processes”, being the 

first Doctoral Thesis about Quantum Dots, in the analytical field, in the 

Department of Analytical Chemistry and Food Technology at the 

University of Castilla-La Mancha.  

 

 

 

 

 

 

 

 

 

 

 



 Objetivo 3 

 

 

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

analíticas desde dos vertientes principales: la modificación y caracterización 

de las nanopartículas, así como su empleo como potenciales herramientas 

analíticas en el campo de control medioambiental, clínico y alimentario. Este 

objetivo general se concreta en los tres objetivos específicos siguientes:  

1. Proporcionar una visión crítica de los avances que se están 

consiguiendo en las diferentes estrategias de detección utilizando QDs 

para fomentar su empleo, incluyendo los posibles retos. 

2. Proponer estrategias sencillas, o mejoras de las ya existentes, que 

permitan la utilización de los QDs desde una perspectiva analítica. Por 

tanto, la compatibilización de QDs, inicialmente en medios orgánicos, 

con medios acuosos. Así mismo, se pretende contribuir al análisis de los 

QDs modificados para conocer el grado de influencia sobre sus 

propiedades fisicoquímicas del proceso de modificación. 

3. Desarrollar nuevas metodologías analíticas, o mejora de las ya 

existentes, basadas en la utilización de los QDs como herramientas 

analíticas en diferentes estrategias de análisis. Con este fin, el objetivo es 

obtener una respuesta específica o selectiva al analito de interés. Con 

este propósito se pretenden explotar sus propiedades fotoluminiscentes 

en los diferentes campos de aplicación, tales como control 

medioambiental, alimentario, farmacéutico o clínico. 

El conjunto de estos objetivos se ha configurado, por tanto, en dos capítulos de 

resultados experimentales basados en cada uno de estos enfoques: (i) síntesis, 

estrategias de modificación y caracterización de los QDs y (ii) aplicación de los 

QDs como herramientas analíticas en los diferentes campos de aplicación: 

medioambiental, alimentario y clínico. 

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

investigación del grupo de investigación “Simplificación, automatización y 

miniaturización de procesos analíticos”, tratándose de la primera tesis doctoral 
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dedicada a los puntos cuánticos (quantum dots), desde una perspectiva analítica, 

realizada en el Departamento de Química Analítica y Tecnología de los 

Alimentos de la Universidad de Castilla-La Mancha. 



 

 

INTRODUCTION 

 

 

 

 

his general introduction is addressed to two main points. The first 

one is related to the role of nanomaterials from an analytical point 

of view and the whole context of the QDs in nanoscience and 

nanotechnology viewed from an analytical perspective. The second one 

is related to the different sensoring strategies using QDs and the future 

challenges and opportunities that they offer. 

 

 

 

 

 

 

 

 

 

 

 

“Todos somos muy ignorantes. Lo que ocurre es que no todos 
ignoramos las mismas cosas”.  

Albert Einstein 
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1. Role of nanomaterials in Analytical Chemistry 

At present, the development of nanoscience and nanotechnology has 

generated a new framework in science and technology, and Analytical 

Chemistry, as in other fields of science, has undergone a major shift 

given the needs and opportunities it offers nanoscience and analytical 

nanotechnology. In this regard, the possibility of use of nanomaterials 

with unique properties allows the development of new strategies and 

methods of analysis or improving existing ones for analytical control of 

interest compounds in environmental, food, clinical or toxicologic fields. 

Nanoscience and nanotechnology have the common feature that the size 

of objects-target are in the so-called ʺnanoscaleʺ admitting, in general, that 

the nanoscale is between 1 and 100 nm [1-3]. On the one hand, 

nanoscience is defined as “the science of synthesis, analysis and 

manipulation of materials at atomic or molecular level, where features 

or physical or chemical properties are substantially different from those 

shown for the same material at a micro or macroscale”. It incorporates 

contributions from many scientific disciplines, including biology, 

chemistry, physics, optics, engineering, computer sciences and 

mathematics. On the other hand, nanotechnology is defined as “the 

application of nanoscience by practical engineering of structures at the 

nanoscale level, in terms of design and characterization, and integrating 

them into materials, devices and products”. There is not an established 

length scale defining nanoscience and nanotechnology, but it typically 

ranges from several tenths of a nanometer to several hundred 

nanometers. Therefore, nanoscience and nanotechnology are 

characterized by focusing on the study of objects with small dimensions, 

between 1 and 100 nm, among which dimensional nanoscale defined. 

It is important to emphasize that the multidisciplinary and transversal 
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nature of nanoscience and nanotechnology allows converge with other 

knowledge areas, such as Electronics, Metrology, Biotechnology, 

Medicine, Chemistry, among others. This fact enables us to have a 

common nexus to share knowledge on methods and techniques from 

different fields, mainly in combination with knowledge of atomic and 

molecular interactions in this new area of science. 

Following this approach, the role of Analytical Chemistry in the context 

of nanoscience and nanotechnology with words of this discipline, such 

as ʺanalysisʺ and ʺcharacterizationʺ and other shared such as ʺuse or 

applicationʺ, which summarizes the two key facets of one relationship 

between Analytical Chemistry and Nanoscience and Nanotechnology, 

summarizes in Figure 1, which are: 

(i) Consideration of nanoparticles and nanostructured material 

as target analytes that requires analytical methods to detect 

and/or quantify nanoparticles in different types of samples, 

as well as a correct characterization for the incorporation of 

these nanomaterials in industrial applications. 

(ii) Consideration of nanoparticles and nanostructured materials 

as tools for innovation and improvement of (bio) chemical 

processes of measurement. In this way, the incorporation of 

nanotechnological character to improve analytical properties 

associated to quality (accuracy, sensitivity, selectivity or 

representation), and those associated to productive aspects 

(rapidity, cost, and personal factors) is an important mather 

of work. It is also important to develop innovative analytical 

methodologies that attempt to solve analytical problems by 

exploiting the unique properties of nanomaterials. 

Based on the previously mentioned aspects in what is now called 

ʺAnalytical Nanotechnologyʺ, different research lines can be addressed. 

As it is well-known, nanomaterials are considered all these materials 

developed in at least in one dimension in the nanoscale range. In 
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Synthesis, modification and analytical uses of CdSe/ZnS QDs 

On the one hand, with the reduction of particle size, the materials begin 

to behave according to quantum mechanics. The electronic confinement 

produces the appearance of a new set of discrete quantum states, also 

called “quantum well” whose sequential occupation by electrons results 

in many physical properties oscillate with object size [6]. This effect is 

known as quantum size effects. As Figure 4A illustrates, depending of 

the direction of quantum confinement, the change in the density of 

electronic states of the nanoparticle is different. In this way, the energy 

levels are still continuous for 3D materials, while the levels are discrete 

in the 0D QDs or similar case of a molecule. 

On the other hand, nanoparticles have a very high specific surface, due 

to the increasing of surface/volume ratio, where the surface atoms are 

usually very reactive. This feature confers many of the interesting and 

sometimes unexpected properties of nanoparticles. 

Decreasing the size of the nanoparticle, the proportion of surface atoms 

becomes significant in relation to the number of atoms inside. Following 

this approach, the number of surface atoms and the particle size are an 

exponential relationship as Figure 4B shows. As it can be observed, the 

surface per unit mass increases as particle size decreases. This fact 

results in a greater number of atoms on the surface. Therefore, the 

properties related to the surface, such as optical, electrical, magnetic, 

mechanical, or chemical properties of nanomaterials are very different 

from those of the same not nanoscale materials. Because of its unique 

and exceptional properties, nanoparticles might behave as new chemical 

compared to chemically identical materials. 

Taking into account the possibilities of use of these nanomaterials, this 

Thesis has been focused in the use of QDs as tools in Analytical 

Chemistry. Hence, the following sections will be referred to this type of 

nanomaterials from an analytical point of view. 
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Synthesis, modification and analytical uses of CdSe/ZnS QDs 

Thus, the smaller size of a semiconductor QD, the larger is the band gap 

and thus, the fluorescence of the shorter wavelength is achieved 

(hypsochromic effect) [20]. As an example, the maximum emission 

wavelength of CdSe QDs can be continuously varied from 450 to 650 nm 

[21]. 

 

 

Composition, type and structure of quantum dots 

The most common semiconductor QDs are based on binary compounds 

materials consisting of elements from II-VI groups of the Periodic Table, 

such as, cadmium sulfide (CdS), cadmium selenide (CdSe), cadmium 

telluride (CdTe), zinc selenide (ZnSe), zinc sulfide (ZnS), zinc oxide 

(ZnO), lead sulfide (PbS),  mercury sulfide (HgS), etc; and group III-V, 

such as indium phosphide (InP), indium nitride (InN), gallium 

phosphide (GaP), gallium nitride (GaN), indium arsenide ( InAs), etc. 

There are also QDs compounds by a single element (such as silicon or 

carbon) or even QDs based on ternary elements with two of them in any 

of cations or anions sites (such as CdZnS, CdSSe, CdTeSe or InNP). Their 

structure is based on periodically aligned atoms with some of the crystal 

lattice structure and depends mainly on the growth mechanism, the 

pressure and temperature applied. As example of this explanation, CdS 

and CdSe QDs usually have cubic zinc blende structure or hexagonal 

wurtzite structure at room temperature, as it is shown in Figure 7. This 

is because a distorsion of the surface of QDs ocurrs, due to surface 

tension that occurs as a result of the large surface to volume ratio 

inherent to the nanoparticles. Therefore, it is an almost spherical 

polyhedron. 

Nowadays, the recent research allows controlling the size, shapes and 

internal structures, and hence it is common the use of QDs structures 

type core-shell [23, 24]. Therefore, a wide variety of QDs compositions 

are possible: CdSe/ZnS, CdSe/CdS or ZnSe/ZnS. 
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of an inorganic semiconductor material (e.g, CdTe or CdSe) which 

determines the emission color, and an inorganic shell of semiconductor 

material with different bandgap energy (e.g, ZnS). The selection and use 

of a shell coating of the core is important because improves their optical 

properties and minimizes the toxicity of the core. On the other hand, the 

organic coating (with hydrophilic or hydrophobic nature) allows the 

solubilization of the nanocrystal in different environments [28]. In 

addition, this cover provides reactive places for their subsequently 

modification or bioconjugation with specific ligands or biomolecules for 

a selective recognition. 

 

 

Synthesis and functionalization of quantum dots 

Ekimov [29] and Efros [30] advanced that the change of optical and 

optoelectronic properties with size of semiconductors (quantum size 

effects) could be used to control the color of glass by either changing the 

size or stoichiometry of CdSxSe1−x. On the other hand, the change in color 

of colloidal solutions of semiconductor was discussed by Rosetti et al. 

[31]. Since then, many synthetic procedures for preparing QDs 

nanocrystals have been reported [32, 33]. There are mainly based on the 

formation of semiconductor nanostructures through four general 

groups, including colloidal chemistry, epitaxial growth, lithography-

based techniques, and template approaches as Figure 10 despites. Thus, 

according to their subsequent application, it can establishes two main 

categories, for (bio) analytical and optoelectronical applications. From an 

analytical point of view, the colloidal medium is the most common 

method used for the preparation of QDs. This way basically generates 

monodisperse nanocrystals with less density of surface defects and a 

higher fluorescent quantum yield. Accordingly, colloidal chemistry, or 

also called solution chemical methods, are based on a chemical “bottom-

up” approach and it could be tentatively classified into three main 
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includes those methods involving the assembly or phase transformation 

of inorganic clusters with a definite chemical composition, whose 

dimensions are generally smaller than those of the final nanostructure 

[34]. This method has scarcely been investigated for the QDs 

preparation. Some examples involving the use of this method are the 

preparation of CdS nanocrystals from clusters containing the 

[S4Cd10(SPh)16]4- [37] or Cd10S4(SC6H5)12 units [38]. 

Finally, the molecular precursor approach is the most promising 

chemical routes to QDs fabrication for the semiconductor industry [9]. 

These methods are based on the thermal or chemical treatment of a 

system containing precursor molecular species, such as metal complexes 

or molecular compounds in solution, including organic solutions, such 

as trioctylphosphine oxide/trioctylphosphine (TOPO/TOP), aqueous 

solutions or reverse micelles [20, 39. 40].  

Aqueous based QDs synthesis are based on the direct injection of 

semiconductor precursors into water in the presence of a stabilizer, such 

as a thiolate, sodium polyphosphate or other polymer in order to restrict 

QDs growth [41]. This synthesis produces water soluble QDs through a 

simpler, inexpensive and reproducible method that can easily be scaled 

up. However, the aqueous route to the synthesis of QDs generally 

produces nanocrystals with poor crystallinity, low quantum yield (QY) 

and Full Width Half Maximum (FWHM) values, and long reaction 

times, making the preparation a time-consuming and tedious process 

[42].  

On the other hand, reverse micelles are also widely used as a synthetic 

medium for semiconductor QDs [43-46]. In this case the procedure 

exploits the natural structures created by water-in-oil mixtures upon 

addition of an amphiphilic surfactant such as sodium dioctyl 

sulfosuccinate (AOT) [43, 44]. However, so far, the most used synthetic 

procedure of this category involves the rapid injection of semiconductor 

precursors into hot and vigorously stirred coordinating solvents such as 
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TOPO/TOP to form a micelle-like ligand shell in order to control particle 

growth. Heating the reaction mixture to a high enough temperature 

causes the precursors to be chemically transformed into monomers and, 

when the monomers reach a high enough supersaturation level, 

nanocrystal growth to start with a nucleation process. The temperature 

and monomer concentration are two critical factors governing the 

optimum conditions for nanocrystal growth. This method has been 

extensively used to synthesize II-VI [47-52] and III-V [53] QDs. Despite 

this method presents some disadvantages, including toxicity of the 

organometallic precursors or higher costs due to the use of high 

temperatures, the main advantages of this approach include simplicity 

and reproducibility, high monodispersity (homogeneous nanocrystals in 

composition and size with typically standard deviation about the 

average size of 5%) and crystalinity, poor superficial defects, and control 

of the preparation conditions (ligand type and concentration, precursor 

concentration, temperature, time, etc) for a desired structure, size and 

shape of nanoparticles [54].  

Following the most common used colloidal synthesis at high 

temperature approach, the main steps for the preparation of QDs for 

(bio) analytical purposes are based on the (i) synthesis of the core, (ii) 

synthesis of the shell layer, (iii) surface modification, and (iv) 

functionalization of QDs, as Figure 11 illustrates. 

 

(i) Synthesis of the core 

As it previously commented, colloidal QDs synthesis at high 

temperature has become the most widely used method for the 

preparation of high quality, monodisperse and stable QDs nanocrystals 

[26, 54, 55]. Some pyrophoric precursors, such as Cd(CH3)2 and 

elemental sulfide, selenium and telluride, respectively, were firstly used 

for the preparation of colloidal monodisperse cadmium chalcogenide 

(CdS, CdSe, CdTe) using a mixture of TOP/TOPO and/or 
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Synthesis, modification and analytical uses of CdSe/ZnS QDs 

surface which lead to reduce quantum yield and ʹblinkingʹ emission 

effects. Thus, to avoid these disadvantages, the QD core is usually 

coated with an inorganic shell based on a semiconductor material with 

different band gap energy from the core material. The protecting layer 

makes possible to eliminate surface defects of QDs and to create 

potential barriers [54, 71-74], photo-corrosion preventing core and 

increasing the quantum efficiency of the core-shell type particles, such as 

CdSe/ZnS QDs [75]. 

 

(iii) Surface modification  

In order to use semiconductor QDs in solution, it is important to prevent 

their aggregation and coagulation. For this purpose, various dispersing 

agents, such as surfactants, polymers, other chelating agents, etc. have 

been used so far. Particularly, for many (bio) analytical applications that 

involving the use of QDs, they must be water soluble to achieve 

dissolution of them in aqueous phase. Therefore, the choice of the 

coating layer is very important because the coating properties allow 

their distribution among various applications, such as allowing the 

solubilization in water providing reactive groups for binding to (bio) 

molecules, as well as reducing the potential toxicity of the core. New 

methodologies to achieve the modification of QDs in aqueous solution 

are continuos appearing [76]. The most used procedures are mainly 

based on three groups: (i) cap-exchange ligand, (ii) phase transfer, and 

(iii) surface silanization [77] based methods as Figure 12 illustrates. Due 

to the high importance of this approach for (bio) analytical applications, 

Chapter II will be addressed the diferent surface modification 

procedures of CdSe/ZnS QDs. 

 

(i) Functionalization 

The QDs modification with specific ligands plays an important role for 
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free QDs. Nevertheless, electrostatic interactions are not specific and 

they are relatively weak compared to covalent bonds, which can be 

problematic for several applications. 

The second strategy is based on the formation of a covalent bond. 

Therefore, it is a more stable conjugation method. In this case, two ways 

are possible: (i) by chemisorption of thiolated derivatives, or (ii) through 

the use of bifunctional binding molecules. In the first case, the binding of 

molecules containig a thiol group is carried out by a mercapto exchange 

process. In the case of using bifunctional compounds, there are a variety 

of bifunctional compounds which offers great versatility for the 

formation of covalent bond depending on the groups present in the 

molecule to be linked to QD [42]. 

For further details about the different QDs functionalization techniques 

several interesting and recent works have been published [76, 82, 83]. 

 

 

Properties of quantum dots 

The growing importance of the QDs as tools in nanoscience and 

nanotechnology resides in its exceptional optoelectronic properties due 

to “quantum confinement” effects. The discrete energy levels of QDs 

could affect their electronic structure by several reasons, including the 

addition or subtraction of a few atoms from QDs altering their bandgap 

boundaries, altering the surface geometry of QDs or even affecting the 

electronic structure of QDs (quantum confinement) thus leading to 

dramatic changes in their optical, electronic and photophysical 

properties.  

The basic properties of semiconductor QDs (S-QDs) appear due to their 

small size (1-10 nm). In this nanoscale dimension, a material exhibits 

different effects on the electronic and optical properties than its 

corresponding normal (bulk) material. Due to their “quantum 
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confinement”, the energy states within the nanocrystals are discrete, but 

the electron and hole energy levels are a function of the QDs 

composition as well as diameter as it has previously commented [84]. 

Hence, similar as the “particle in a box” effect, the energy of the particle 

increases as the size of the box decreases, resulting in shorter fluorescent 

emission wavelengths of QDs [20, 85]. It means that their energy is size-

dependent. Thus, the smaller QDs are, the more blue shifted will be then 

absorption and emission. In response, the emitted color can be varied by 

playing with their composition and/or size. The emission spectra of QDs 

can be in various regions, from the near UV to near infrared, which can 

be achieved by changing the size and composition of the cores of the 

QDs [86, 87], as Figure 6 and Figure 14 illustrate. In addition, QDs have 

high quantum yields (QYs, defined as the percentage of photons 

absorbed leading to a photon emitted), which results in an intense 

fluorescent emission signal. In this way, it is important to remark that 

the quantum efficiency of core-shell QDs structure is much higher than 

core QDs, due to the band gap difference between the core and the shell 

materials preventing the non-radiative recombination surface states. The 

resulting emission spectra of QDs are narrow and symmetric due to the 

presence of discrete energy levels in the valence and conduction bands 

obtaining full widths at half maximum (FWHM) commonly in the 20-50 

nm range (typically   ̴30 nm for QDs obtained from colloidal synthesis in 

organic medium at high temperatures). This fact allows the 

simultaneously emission of several QDs without overlapping problems 

as often occurs with conventional fluorofores. Compared to 

conventional dyes, the absorption spectra of QDs are broad that allow 

the excitation of multiple QDs of variable sizes at a single excitation 

wavelength. This results in the following features: (i) a high brightness 

that can be up to 20 times brighter than organic dyes; (ii) a higher 

luminescence stability (up to 100 times more stable than traditional 

fluorophores), allowing them to be exposed to excitation and 

fluorescence cycles for several hours without efficiency loss; and (iii) 



 

 

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

 

Figure	14.	(A)

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

adapted	from

 

This fact all

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

including self

ionization energy. Moreover, their quantum confinement ability makes 

 Introduction

 

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

 

Figure	14.	(A)

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

adapted	from

 

This fact all

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

including self

ionization energy. Moreover, their quantum confinement ability makes 

Introduction

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Figure	14.	(A)

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

adapted	from

This fact all

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

including self

ionization energy. Moreover, their quantum confinement ability makes 

Introduction

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Figure	14.	(A)

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

adapted	from

This fact all

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

including self

ionization energy. Moreover, their quantum confinement ability makes 

Introduction

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Figure	14.	(A)

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

adapted	from

This fact all

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

including self

ionization energy. Moreover, their quantum confinement ability makes 

Introduction

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Figure	14.	(A)

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

adapted	from

This fact all

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

including self

ionization energy. Moreover, their quantum confinement ability makes 

Introduction

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Figure	14.	(A)

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

adapted	from

This fact all

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

including self

ionization energy. Moreover, their quantum confinement ability makes 

Introduction

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Figure	14.	(A)

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

adapted	from

This fact all

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

including self

ionization energy. Moreover, their quantum confinement ability makes 

Introduction

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Figure	14.	(A)

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

adapted	from

This fact all

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

including self

ionization energy. Moreover, their quantum confinement ability makes 

Introduction

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Figure	14.	(A)

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

adapted	from

This fact all

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

including self

ionization energy. Moreover, their quantum confinement ability makes 

Introduction

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Figure	14.	(A)

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

adapted	from

This fact all

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

including self

ionization energy. Moreover, their quantum confinement ability makes 

Introduction

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Figure	14.	(A)

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

adapted	from	

This fact all

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

including self

ionization energy. Moreover, their quantum confinement ability makes 

Introduction 

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Figure	14.	(A)

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

	ref.

This fact all

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

including self

ionization energy. Moreover, their quantum confinement ability makes 

 

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Figure	14.	(A)	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ref.

This fact allows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

including self

ionization energy. Moreover, their quantum confinement ability makes 

 

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

	Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ref.

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

including self-charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

 

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ref.	[

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

 

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

[90

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

 

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

90

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

 

much lower photobleachin

that is in the range of 

the visible and near

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

90]

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

much lower photobleachin

that is in the range of 

the visible and near-

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

]	and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

much lower photobleachin

that is in the range of 

-UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

much lower photobleachin

that is in the range of 

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

much lower photobleachin

that is in the range of 10

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

approximately 100 nm. 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

much lower photobleachin

10

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For 

.  

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

and	[

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

much lower photobleachin

105

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

emission signal. For S

 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

[91

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

much lower photobleachin

5 to 

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

S-

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

91

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

much lower photobleachin

to 

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

-QDs

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

91]

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

much lower photobleaching rates, as well as an extinction coefficient 

to 

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

QDs

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	s

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

].	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

to 10

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

QDs

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Inset:	Representative	emission	spectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

10

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

QDs

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

106

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

QDs

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

6 M

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

QDs 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

M

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

M-

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

 these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

-1

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

1 cm

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

cm

UV wavelengths 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

cm

UV wavelengths [

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

cm-

[88

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

1 

88

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

exploited. The electronic properties of S-

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

 which increases in the range of 

88, 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

-QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

, 89

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

89

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

89]

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

]. Moreover, the Stokes shift 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

blue	 vertical	 line	 indicates	 the	 488	 nm	 line	 of	 an	 argon-ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

-ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

pectra	for	some	materials.	(B)

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

(B)

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

(B)

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

(B)	Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

is a spectral property that determines the spectral overlap, 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

is a spectral property that determines the spectral overlap, and that can 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

and that can 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

and that can 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

and that can 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

and that can 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

and that can 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

and that can 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

and that can 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

other unique properties (electrical and others), which have also 

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

and that can 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

 been 

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

and that can 

influence the separation of excitation from emission and the efficiency of 

these values of Stokes shifts are 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

been 

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

and that can 

influence the separation of excitation from emission and the efficiency of 

are 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

been 

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

and that can 

influence the separation of excitation from emission and the efficiency of 

are 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

been 

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

   

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

and that can 

influence the separation of excitation from emission and the efficiency of 

are 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

been 

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

   

g rates, as well as an extinction coefficient 

which increases in the range of 

. Moreover, the Stokes shift 

and that can 

influence the separation of excitation from emission and the efficiency of 

are 

Emission	maxima	and	sizes	of	QDs	of	different	compositions.	The	

range	of	emission	wavelength	is	400	to	1350	nm,	with	size	varying	from	2	to	9.5	

nm.	 All	 spectra	 are	 typically	 around	 30	 to	 50	 nm	 (full	width	 at	 half	maximum).	

Absorption	(upper	

curves)	and	emission	(lower	curves)	spectra	of	 four	CdSe/ZnS	QDs	samples.	The	

ion	 laser.	 Extracted	 and	

ows their use in spectral multiplexing of fluorescence 

resonance energy transfer (FRET) applications. Although the best 

known properties of the QDs are their optical properties, QDs have also 

been 

QDs also depend on QDs size 

charging energy, Coulomb charging energy or exciton 

ionization energy. Moreover, their quantum confinement ability makes 

   2929  



30                            

 

Synthesis, modification and analytical uses of CdSe/ZnS QDs 

QDs electrochemically active. The self-charging energy and Coulomb 

charging energy are the energies required to add a single charge to a 

neutral or charged QDs, respectively. In the case of QDs, these energies 

increase with the decreasing of QDs size due to that the confinement of a 

charge increases its energy. In addition, it has been found that QDs are 

photoelectrochemically active [92]. This fact is due to the photooxidation 

of S-QDs which generates a photoelectrochemical current, due to the 

transference of electrons from the valence band to the conduction band 

to form electron hole pairs. Semiconductor quantum dots also have the 

ability to produce electrochemiluminiscence (ECL) [93-96]. This effect is 

due to the electron transfer between electrochemically generated 

nanocrystal species and coreactants and allows their use in ECL sensors. 

The redox properties of S-QDs are due to their ability to transfer 

electrons to redox-active molecules. The redox potentials in QDs can be 

varied by the composition and size of the nanocrystal, thereby 

modifying their bandgap. In this sense, the increasing of the bandgap 

energy, results in the increasing of the redox potential and therefore this 

results in increased charge transfer rates [49-51, 97]. In addition, due to 

their large surface area-to-volume ratios, it has been found that QDs can 

exhibit excellent catalytic [98-100], photocatalytic [101], amplification 

[102-104] or even hybrid attachment properties. 

The main optical, electrical and other properties of QDs nanocrystals are 

summarized in Figure 15. 

 

 

Characterization techniques for quantum dots 

As it is previously commented, the role of Analytical Chemistry in the 

context of nanoscience and nanotechnology also address the 

consideration of nanoparticles and nanostructured material as target 

analytes. Accordingly, it is also required the development of analytical 
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Synthesis, modification and analytical uses of CdSe/ZnS QDs 

Table	 1.	 Main	 techniques	 for	 QDs	 characterization	 and	 the	 main	 parameters	

obtained	by	each	technique.	

Characterization techniques Information 

Spectroscopic  

UV-VIS spectroscopy Size, concentration, environment changes. 

Photoluminescence spectroscopy (PL) Size, size distribution, environment changes, 

quantum efficiency, presence of surface 

defects. 

Nuclear Magnetic Resonance spectroscopy 

(NMR) 

Organic coating: chemical identity, binding 

type, spatial conformation. 

Energy Dispersive X-ray spectroscopy (EDX) Elemental composition analysis. 

Electron diffraction (ED) Crystalinity. 

X-ray diffraction (XRD) Size, crystal structure, lattice parameters, 

phase purity. 

Dinamic light scattering (DLS) Size, homogeneity, surface coating, 

concentration. 

Fourier transform infrared (FTIR) Surface properties, structure. 

Electrophoretic light scattering (ELS) Zeta potential, homogeneity, environment 

changes 

Microscopic 

High Resolution Transmission Electronic 

Microscopy (HRTEM) 

Size and shape, homogeneity, crystalinity. 

Atomic Force Microscopy (AFM) for 

immobilized QDs onto a surface 

Size and shape, homogeneity, Degree of 

surface coverage. 

Electrochemistry  

Cyclic Voltammetry (CV) Absolute position of valence and conduction 

bands, redox potential. 

Separation 
Capillary Electrophoresis (micellar, zone, gel 

mode): MEKC, CZE , CGE  

Size, homogeneity, surface coverage, surface 

charge, concentration, environment changes. 

Size Exclusion Chromatography (SEC) Size, homogeneity, concentration, surface 

coverage. 

Field Flow Fractionation (FFF) coupled: 

Inductively plasma-mass spectrometry (FFF-

ICP-MS); Fluorescence (PL); multiangle.light 

scattering (MALS); etc. 

Size, composition analysis. 

 

Despite several of these techniques provides information about the same 

parameter, for example about the nanoparticle size determination, it is 
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important to consider that QDs samples are heterogeneous in size and 

composition. For this reason, it is important to note that the average 

values, by themselves, could lead to error in the interpretation of the 

results. In response, whenever possible, the widths of the distributions 

of the respective parameters should be evaluated.  

 

(i) Characterization of size, morphology and composition of QDs 

Following this approach, the size of QDs is easily accessible by using 

microscopic, spectroscopic and even separation based techniques. 

Among the most used microscopic tecniques it can be found high-

resolution transmission electron microscopy (HRTEM) or atomic force 

microscopy (AFM) [105]. On the other hand, the common used 

spectroscopic techniques are UV-Vis spectroscopy, photoluminescence 

(PL) [106], X-ray diffraction (XRD), dinamic light scattering (DLS) or 

electrophoretic light scattering (ELS) [107, ]. Moreover, the use of 

separation based techniques to characterize nanoparticles is increasing 

in the last decades. In this context, chromatographic based tecniques, 

such as capillary electrophoresis (CE) [109-117], including capillary zone 

electrophoresis (CZE) [115], micellar electrokinetic chromatography 

(MEKC), capillary gel electrophoresis (CGE) [109, 118], or size exclusion 

chromatography (SEC) [119] are being widely used. On the other hand, 

field flow fractionation (FFF) and asymmetric flow field flow 

fractionation (AF4) coupled to different detections, such as inductively 

plasma-mass spectrometry (FFF-ICP-MS), fluorescence (FFF-PL) or 

multiangle-light scattering (FFF-MALS) [120-122], among others, are also 

emerging as powerful separation techniques. However, depending on 

the technique used, slight variations in size estimation are observed. This 

is because the information provided by each technique can be referred 

from core(shell) structure of QDs alone to hydrodynamic diameter of 

QDs measured in solution, incorporating coating agents and 

environment changes, as Figure 16 illustrates. In this way, HRTEM is 
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shell absorbs at higher energy, therefore, it is not taken into account. 

As it can be also observed in the Table 2, when the absorption spectrum 

is obtained from a sample at low concentrations (to prevent 

reabsorption), and the distribution of diameters of nanoparticles is not 

wide, it is also possible to obtain the concentration of the QDs solution 

from the Lambert-Beer equation [123]. 

 

Table	2.	Empirical	functions	relating	the	size	of	QDs	CdSe,	CdTe,	CdS	and	InP	with	

the	position	of	the	excitonic	peak	in	the	absorption	UV/VIS	spectrum	and	the	molar	

extinction	coefficient	[106,	127].	

QDs Diameter correlation D/λ excitonic peak 

CdSe 

�� � �� � �� �

 

CdTe �� � �� �  

CdS �� � �� � ��  

InP 

�	� 
 �� � �
 �

�� �  

Material Ɛ correlation D/λ excitonic peak 

CdSe �.�
 

CdTe �.	� 

CdS �.� 

InP � � 
 
  

D: average size of QDs (nm) 

λ: wavelength of the first absoption excitonic peak (nm) 

Ɛ: extinction molar coefficient (L mol-1 cm-1) 

 

On the other hand, the fluorescence spectrum provides information 

about the size and size distribution. Following this way, the maximum 

value obtained from fluorescence emission sprectrum provides an 
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indication of the size of the QDs. This is because, as it is commented in 

the previous sections, the diameter of the nanoparticle directly affects 

the emission wavelength of QD. In response, the wavelength and the 

size of QD are correlated. In addition, from the fluorescent peak width 

half maximum (FWHM) it is possible to obtain information about the 

monodispersity of the sample. In this way, higher values of FWHM (i. e., 

peaks wider emission) indicate lower monodispersity because the size 

distribution of the QDs is leading to a series of individual releases the 

spectrofluorimeter collects and displays a Gauss distribution. 

Despite these techniques are capable of sizing nano-size particles, they 

do not provide information on the composition of the particle yet. For 

this purpose, other techniques, such as energy dispersive X-ray (EDX), 

can be used for qualitative and quantitative elemental analysis of QDs 

sample [124]. It is a relatively simple, quick, direct and easy technique 

interpretation to characterize the composition of QDs, but instead its 

spatial resolution is limited and not effective in detecting elements of 

low atomic number. Moreover, the coupling of field flow fractionation 

with inductively coupled plasma-mass spectrometry (FFF-ICP-MS) 

provides not only nanoparticle sizing and detection, but also 

composition analysis capabilities at the parts per billion (ppb) levels, 

which is critical to environmental investigations of nanomaterials. 

Furthermore, the similar flow conditions required by both ICP-MS and 

FFF make interfacing relatively simple [125, 126]. 

 

(ii) Characterization of surface properties of QDs and surrounding 

environment 

This approach is very important from an analytical point of view 

because it allows the characterization of the ligand layer of QDs in 

solution, as well as the behavior and the interactions of the nanomaterial 

with surrounding species and environment. 
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The characterization of the ligand layer is more problematic and it is 

often addressed by nuclear magnetic resonance (NMR). This technique 

is often used to characterize the shell or coating organic ligands on the 

QDs surface, providing information about the chemical identity of the 

coating ligands, and mobility of the molecular complex systems. In 

addition, it has also used to identify the chemical binding between the 

ligands and QDs surface and to follow ligand exchange reactions [128]. 

On the other hand, the influence of ligand exchange on QDs surface can 

be measured by spectroscopic techniques. Spectral changes in the 

absorption and emission spectrum of QDs can also be caused by 

changes in the environment ligand (e.g., presence of “quencher” 

molecules) or solvent composition (e.g., polarity, dielectric constant) and 

are usually detected with spectroscopic methods. In addition, fourier 

transform infrared (FTIR) spectroscopy is commonly employed for the 

confirmation of functional molecules covalently linked to QDs surface 

and also used to reveal the expression of characteristic spectral bands of 

nanomaterial-biomolecule conjugation (e.g., proteins bound to QDs 

surfaces) [129, 130]. Therefore, the influence of ligands can also be 

measured by these methods.  

When nanomaterials are introduced into different solvents or biological 

environments, or even integrated in biomaterials, many undesirable 

effects, such as aggregation, coagulation and non-specific absorption, 

can occur. These effects may be due to a variety of intermolecular 

interactions occurring at the interfaces of nanomaterials with 

biomolecules and interaction-mediating fluids [131]. As it is previously 

referred, the surface properties of nanomaterials in a given medium can 

be characterized by their physicochemical properties (e.g., chemical 

composition, shape, surface geometry and crystallinity, or 

heterogeneity). However, other properties (e.g., surface charge, 

dissolution, hydration, size distribution, dispersion stability, 

agglomeration or aggregation of nanomaterial) are mainly governed by 
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ionic strength, pH, temperature and the presence of biological or organic 

macromolecules. Thus, appropriate physicochemical characterization of 

nanomaterials should be also filed.  

In this way, capillary electrophoresis is a potentially valuable technique 

due to its high separation efficiency, open-tubular separation capillary; 

nanoliter sample volumes; and ease of integration with quantitative 

detection methods. This technique is also focused on the purification 

and separation of covalently functionalized QDs (such as, QD-COOH or 

QD-NH2 derivates) from their conjugated-QD with different 

biomolecules [112, 115]. The migration behavior can be directly related 

not only with properties such as particle diameter but also with surface 

chemistry (e.g. hydrophobicity, charge, etc). For these purposes, CE has 

been used for the characterization and separation of QDs after surface 

modification [111-115]. Capillary zone electrophoresis (CZE) has also 

been useful to monitor QD surface ligand exchange for water solubility 

and surface reactivity towards biomolecules, such as streptavidin/biotin 

[114].  

As it can also seen in Table 1, separation based techniques such as size 

exclusion chromatography (SEC) are also considered as potential 

analytical tools for the characterization of surface coverage and charge of 

QDs or even environment changes [119].  

The aggregation or agglomeration of nanomaterials is also important 

parameters in order to evaluate the stability of QDs in different 

environments. For this purpose, dynamic light scattering (DLS) and 

electrophoretic light scattering (ELS) have been used for the 

determination of aggregates of particles due to the sensitivity to the 

presence of aggregates. In addition, ELS is a common technique used to 

measure the surface charge, or zeta potential, of a population of 

nanoparticles. This technique measures the electrophoretic mobility of a 

particle [132]. 
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(iii) Characterization of the optical and electronic properties of QDs 

Spectroscopy and electrochemical based techniques are relatively simple 

and provide direct information about a number of important parameters 

of QDs, such as quantum efficiency, emission wavelength, the bandgap 

energy value or the redox potential. The absorption and emission are 

related to the electronic structure of the QDs and depend on the size of 

the QD due to the spatial confinement of the electronic wave functions 

of electron and hole. Optical spectroscopy is, therefore, a relatively 

simple and easy to characterize the effects of quantum confinement in 

the QDs or quantum yield. 

The photoluminescence quantum efficiency or quantum yield (QY) can 

be calculated from the photoluminescence emission by using a reference 

standard of known value of QY by using the following empirical 

equation: 

 

where I is the integrated area of the emission peak, A is the absorbance 

at the excitation wavelength, and n is the refractive index of the solvent. 

On the other hand, cyclic voltammetry (CV) provides information about 

the absolute position of the valence and conduction bands, the redox 

potential and the reversibility of the redox system. It also allows the 

study of redox reaction mechanisms involving QDs. However, there are 

still many experimental and theoretical challenges to reach the correct 

interpretation of the cyclic voltammetry of the QDs. The interpretation 

of the voltammograms is not simple, because the QDs samples are not 

homogeneous, and the various synthetic procedures used to obtain the 

same type of QDs can lead to different electrochemical responses. 

Furthermore, the low solubility of the QDs in electrolytic solutions and 

electrochemical corrosion processes are other experimental barriers. 

As it can be observed, there are a wide variety of possible techniques for 
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a proper characterization of QDs taking into account the information 

provided by each one. Therefore, for the characterization of QDs used 

for analytical purposes in this Thesis, some of spectroscopic, microscopic 

and separation based techniques are addressed in subsequent chapters 

of this Thesis. 

On the other hand, once QDs are characterized, the next step is to use 

them in different fields. Following this purpose, the following section 

deals with the main applications of QDs 

 

 

Applications of quantum dots 

The main application fields of QDs are based on industrial and 

analytical tools. In the context of the application of QDs as analytical 

tools in Analytical Nanotechnology, it can be divided three main 

application fields: medical, biological and others. This last approach 

encompasses several application fields such as clinical, pharmaceutical, 

food and environmental, as Table 3 illustrates. The use of QDs from an 

analytical of point of view is mainly based in the (bio) imaging and (bio) 

chemical analysis. As this Thesis are focused on the use of QDs for (bio) 

chemical analysis, the following section deals with the use of QDs for 

this purpose. 

In addition, it is important to remark that despite S-QDs offer interesting 

and practical applications that lead to valuable social benefits, such as 

the ability to obtain biomedical “in vivo” imaging and development of 

interesting highly sensitive detection systems, may also present risks to 

human health and environment under certain conditions. This is mainly 

due to the composition of QDs because most of them contain toxic 

elements, such as Cd, Pb, Hg, As, etc. Therefore, the recent progress in 

the use of other quantum dots based on carbon, such as carbon quantum 

dots (C-QDs) and graphene quantum dots (G-QDs), as nontoxic 
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alternatives of S-QDs in the different sensoring strategies involving QDs 

are also addressed. 

 

Table	3.	Clasiffication	of	the	different	application	fields	of	QDs.	

APPLICATIONS OF QUANTUM DOTS 

Industrial tools Analytical tools 

Light-Emitting Devices (LEDs) Biological field (bioimaging, cellular trafic). 

Photodetectors Medical Field (nanodiagnosis). 

Field effect transistors (FET) Others: 

Solar cells • Environmental 

Quantum cryptography • Food 

Quantum computing • Pharmaceutical 

 • Clinical 

 

The interest in the use of sensoring strategies using S-QDs been 

exponentially increased. During the last decades, several QDs of 

different compositions have extensively been designed for many 

sensoring developments. Due to its excellent properties, the use of QDs 

and their surface modification can be versatile in the sensor community. 

This section describes the recent progress of the chemical and 

biochemical sensoring strategies using different compositions and new 

generations of QDs, carbon based quantum dots, and the challenges and 

opportunities that they offer. 

Traditionally, a (bio) chemical sensor is considered as a device that 

transforms chemical or biochemical information (concentration, 

composition, bio (chemical) activity, partial pressure, presence of a 

particular element or ion, and so far) into an analytical useful signal 

[133]. This information can be produced by a chemical reaction of the 

analyte or from a physical property of the system investigated [133]. In 

general, sensors are composed by a receptor, based on a bio (chemical) 

recognition system, and a physicochemical transducer. Following this 

principle, the interaction of the analyte molecules with the receptor 
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could result in a change of physical properties in such a way that the 

transducer can gain an optoelectronic signal. 

Based on this typically (bio) chemical sensor concept, the exponential 

advances in Nanoscience and Nanotechnology, through the 

development of new nanomaterials, systems and devices open new 

alternatives and opportunities in the development of strategies of 

sensoring that incorporating a new kind of receptors, in the range of 

nanoscale. In this way, novel optical, chemical, electrical, mechanical and 

catalytic properties have been found with reduction in size of 

nanoparticles. This fact allows us to enhance their development by 

tuning matter at the atomic and molecular scales in order to exploit their 

novel properties and phenomena.  

One kind of these nanomaterials that has increased attention in last 

decades are QDs. In addition, in the last decade, a new type of quantum 

dots, “carbon-based quantum dots”, consisting for graphene quantum 

dots (G-QDs) and carbon quantum dots (C-QDs) have been synthetized 

[134, 135]. They have attractive optoelectronic properties, owing also to 

the nano-sized dimension, due to their pronounced “quantum 

confinement and edge effects” [136 - 139]. In this way, QDs, through 

their exceptional properties, can be considered as sensing elements due 

to the high selective and sensitive recognition or sensing due to the 

interaction occurring at these levels on their surface. Therefore, the aims 

of this section are to show the recent trends and to discuss the potential 

use of different QDs in the development of several sensoring strategies, 

as well as the challenges and opportunities that they offers in chemical 

and biochemical assays. 

The unique and exceptional properties of QDs, including the 

possibilities of their surface modification and tunable size, open new 

possibilities in the development of several sensoring strategies. In this 

way, different reviews were reported in the last years. As examples, 

Costa et al. reported the use of luminescent quantum dots for chemical 
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sensoring strategies and the most prominent applications will be 

described in this section. 

 

(i) Optical strategies 

Among the optical properties using QDs, traditionally, their 

fluorescence-based transduction has been the most exploited 

characteristic of QDs. However, other optical sensoring strategies using 

QDs as fluorescence/luminiscence resonance electron transfer 

(FRET/LRET), surface enhanced Raman scattering (SERS) or 

phosphorescence (RTP) have been used as sensoring strategies. In 

addition, the new generation of QDs is following similar paths to 

semiconductor quantum dots. Therefore, the new trends and recent 

advances involving carbon based quantum dots for sensoring strategies 

are also discussed in this section. 

It is important to take into account that most of the applications 

involving QDs have been focused to solution-sensing strategies. Only 

few references have been focused to the development and fabrication of 

solid platforms for the immobilization of QDs. However, in the last few 

years these strategies have opened new approaches in the development 

of sensoring arrangements. Depending on the immobilization strategy, 

several advantages can be pointed out, including the possibility of 

designing miniaturization of platforms, portable devices, low-cost 

reagent consumption, selectivity or sensibility, among others. For this 

purpose, different immobilization strategies of QDs, such as their 

integration in paper substrates, their incorporation into molecularly 

imprinted molecules (MIPs), their trapping inside sol-gel materials or 

their immobilization in solid supports, in order to fabricate active solid 

phases for working in flowing solutions, using different optical detection 

techniques, are also reported in this section. 

 



 Introduction    45 

 

Fluorescence (FL) 

Commonly, the main and most exploited property of QDs has been the 

fluorescence-based transduction. The principle of the increase in the 

development of novel optical sensors based on QDs fluorescence (FL) is 

due to that the luminescence of QDs is very sensitive to the surface states 

of the QDs. This is justified because physical or chemical interactions 

between a given chemical species and the surface of the nanoparticles 

could result in changes in the efficiency of the core electron-hole 

recombination [146].  

The development of (bio) chemical methods-based fluorescence of QDs 

is one of the most intense research lines and has provided a higher 

number of works so far. The potential use of QDs as optical transducers 

of detection is due to the advances in surface functionalization strategies 

with specific functional ligands. Thus, several optical sensors based on 

fluorescence transduction have been developed. The observed changes 

in the FL of the QDs can be (i) increase or amplification or (ii) decrease or 

attenuation, being more numerous examples in which a measured 

decrease in fluorescence intensity. In addition, the sensoring strategies 

based on fluorescence based transduction have been widely used in 

several fields including biological [147], medical [148], clinical, 

pharmaceutical [149], environmental [150], food quality and safety [143, 

151], among others. Following this approach, the use of S-QDs as 

luminescent probes to inorganic-trace analysis has recently been 

reported by Costas-Mora et al. [152]. This overview shows that there is a 

great diversity of applications depending on the QD composition and 

capping ligand. Moreover, the development of methodologies that 

involve the use of carbon based QDs for inorganic-trace determination 

has also reported. Thus, the use of nitrogen doped G-QDs as a 

fluorescent sensing platform for Fe3+ ions detection has been recently 

reported by Tam et al. [153]. Free residual chlorine in drinking water, 

based on fluorescence quenching of G-QDs, was also reported [154]. 
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This methodology is fast, green and selective with respect to existing 

ones. 

Methods based on the fluorescence changes after the interaction of the 

analyte with the surface of QDs are very simple, easy to develop and 

they are highly sensitive. However, they are usually limited to the 

detection of single few small molecules or reactive ions. In order to 

avoid some these limitations, several applications involving the 

conjugation and the selective conjugation to the reactive surface of QDs 

with of certain receptors that respond to single organic molecules, 

biomolecules, DNA and even different types of microorganisms have 

also been developed. Some of the most relevant and novel applications 

that involves semiconductor and carbon based QDs as a powerful tool 

within each group are summarized in Table 4.  

As an example of recent contributions, Yang et al. have developed a new 

competitive fluorescence-linked immunosorbent assay (FLISA) method 

in order to selectively quantify bovine α-lactalbumin (α-La) in dairy 

products [155]. To this end, the covalent conjugation of CdSe/ZnS QDs 

with monoclonal antibodies (mAbs) by using the crossing-linking 

reagents was used. Furthermore, the obtained QDs-mAb conjugates 

were used in a competitive FLISA in order to detect α-La in dairy 

products. In addition, their determination in commercial dairy products 

was successfully carried out, obtaining more sensitive analysis 

compared with the ELISA method. 

Moreover, it is observed a present trend in the development of 

luminescent optical sensors based on the immobilization of QDs in 

paper substrates, inside sol-gel materials or molecularly imprinted 

polymers, among others. This fact allow the achievement of some 

advantages as high selectivity, rebinding percentage, enhanced mass 

transfer and the possibility of compatibize the integration of QDs on 

microsystems for the development of microfluidic strategies involving 

the use of QDs.  
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Table	 4.	 Selected	 quantum	 dots	 applications	 based	 on	 fluorescence	 and	

fluorescence	resonance	electron	transfer.	

Quantum dot 
material/coating 

Sensing 
strategy 

Target (Analyte) Matrix 
(Sample) 

Ref. 

CdSe/ZnS/monoclonal 

antibody (mAbs) 
Fluorescence 
quenching 

Alpha- lactalbumin Commercial 
dairy products 

[155] 

CdS/Uricase/horseradish 
peroxidase 

Fluorescence 
quenching 

Uric acid Urine [156] 

Cdse/ZnS/3-
mercaptopropionic acid 

Fluorescence 
quenching 

Paraquat Spiked water [150] 

CdTe/Dopamine Fluorescence 
quenching 

L-histidine   Biological 
fluids 

[157] 

CdSe/ZnS/PMMA Fluorescence 
quenching 

Glucose Water, urine, 
blood 

[158] 

Assembled CdS/Thioglycolic 
acid/glucose 
oxidase/horseradish 
peroxidase 

Fluorescence 
quenching 

Glucose Human serum [159] 

Molecularly imprinted 
CdSe/ZnS/Graphene oxide 

Fluorescence 
quenching 

Vitamin E Corn oil, 
soybean oil 

[160]  

G-QDs/Hemin Fluorescence 
quenching 

Glucose Serum [161] 

CdTe/glutathione/encapsulated 
enzymes   

Fluorescence 
quenching 

Glucose, catechol  --- [162] 

QDs/Carboxymethyl chitosan Fluorescence 
“turn-on-off” 

Lysozyme Serum [163] 

G-QDs Fluorescence 
enhancement 
Fluorescence 
quenching 

Cysteine 
Hg (II) 

Spiked water [164] 
 

G-QDs Fluorescence 
quenching 

2,4,6-trinitrophenol Water  [165]  

G-QDs/polypyrrole  Fluorescence 
quenching 

Dopamine Serum, urine [166] 

C-QDs/β-
Cyclodextrin/calix[4]arene-
25,26,27,28-tetrol  

Fluorescence 
enhancement 

Fluoride  --- [167] 

ZnS/L-cysteine Fluorescence 
quenching 

Tyroxine Salive [168] 

CdTe/Laccase  Fluorescence 
quenching 

Polyphenols Plant extract [169] 

CdTe/Thioglycolic acid Fluorescence 
“turn-on-off” 

Butyrylcholinesterase Serum [170] 
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Table	4.	Continuation. 

Quantum dot 
material/coating 

Sensing 
strategy 

Target (Analyte) Matrix 
(Sample) 

Ref. 

CdSe/ZnS/CTAB Fluorescence 
quenching 

Adulterated oils  Adulterated 
vegetable 
cooking oils  

[171] 

ZnSe/Ag Fluorescence  Melamine Raw milk, egg [172] 
CdSe/ZnS/β-cyclodextrin Fluorescence 

quenching 
Vanillin Food [151] 

G-QDs/europium ions 
aggregates 

Fluorescence 
“turn-on–off” 

Glutamic acid  
Aspartic acid  

Spiked fetal 
bovine serum 

[173] 

C-QDs Fluorescence 
quenching 

Mercury ions 
 

River and 
mineral water 
Imaging in 
living cells 

[174]  

G-QDs Fluorescence 
quenching 

Copper(II) ions  [175] 

G-QDs Fluorescence 
quenching 

oleuropein, gallic 
acid  

 Olive oil [176] 

C-QDs/Cysteamine Fluorescence 
quenching 

Gold nanoparticles Spiked 
drinking water 
Mussel tissues. 

[177] 

N-G-QDs Fluorescence 
“turn-on-off” 

Glutathione Live HeLa 
cells 

[178] 

N-G-QDs Fluorescence 
quenching 

Fe(III) ions water [179] 

N-C-QDs Fluorescence 
“turn-off” 

Hg(II) ions Tap and real 
lake water 

[180] 

CdTe FRET Hg(II) Water [181] 
CdSe/ZnS/Streptavidin FRET oligonucleotides --- [182] 
CdSSe/ZnS/Glutathion FRET Cy3-labeled 

oligonucleotide 
salmon sperm 
DNA 

[183] 

CdSSe/ZnS/(trypsin, 
chymotrypsin  or 
enterokinase) 

FRET proteases ----- [184] 

CdTe/C-QDs FRET chortoluron water [185] 
CdSe/ZnS- AuNPs FRET oncogenic EML4–

ALK fusion gene 
(variants 3a, 3b)  

c-DNA [186] 

G-QDs FRET Ni(II) --- [187] 
G-QDs-Graphene FRET Immunoglobulin G 

(IgG) 
human serum, 
cell culture 
fluid 

[188] 

G-QDs FRET 2,4,6-trinitrotoluene 
(TNT) 

--- [189] 



 

 

Table	4.	

Quantum dot 

material/coating

G

C

triphenylphosphonium

C

 

Some of promising applications involving the use of QDs are also 

included in 

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

developed

 

Figure	18.

the	 ground

polar

the	highly	efficient	quenching	of	MIP

of	MIP

N

Elservier).

 Introduction

 

Table	4.	

Quantum dot 

material/coating

G-

C-
triphenylphosphonium

C-

 

Some of promising applications involving the use of QDs are also 

included in 

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

developed

 

Figure	18.

the	 ground

polar

the	highly	efficient	quenching	of	MIP

of	MIP

NP	molecules	(Reprinted	from	ref.	

Elservier).

Introduction

Table	4.	

Quantum dot 

material/coating

-QDs

-QDs/

triphenylphosphonium

-QDs

Some of promising applications involving the use of QDs are also 

included in 

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

developed

Figure	18.

the	 ground

polar

the	highly	efficient	quenching	of	MIP

of	MIP

P	molecules	(Reprinted	from	ref.	

Elservier).

Introduction

Table	4.	

Quantum dot 

material/coating

QDs

QDs/

triphenylphosphonium

QDs

Some of promising applications involving the use of QDs are also 

included in 

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

developed

Figure	18.

the	 ground

polar

the	highly	efficient	quenching	of	MIP

of	MIP

P	molecules	(Reprinted	from	ref.	

Elservier).

Introduction

Table	4.	

Quantum dot 

material/coating

QDs

QDs/

triphenylphosphonium

QDs

Some of promising applications involving the use of QDs are also 

included in 

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

developed

Figure	18.

the	 ground

polar

the	highly	efficient	quenching	of	MIP

of	MIP

P	molecules	(Reprinted	from	ref.	

Elservier).

Introduction

Table	4.	

Quantum dot 

material/coating

QDs-

QDs/

triphenylphosphonium

QDs 

Some of promising applications involving the use of QDs are also 

included in 

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

developed

Figure	18.

the	 ground

polar–

the	highly	efficient	quenching	of	MIP

of	MIP

P	molecules	(Reprinted	from	ref.	

Elservier).

Introduction

Table	4.	

Quantum dot 

material/coating

-AuNPs

QDs/ 
triphenylphosphonium

 

Some of promising applications involving the use of QDs are also 

included in 

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

developed

Figure	18.

the	 ground

–polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

of	MIP-coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Elservier).

Introduction

Table	4.	

Quantum dot 

material/coating

AuNPs

triphenylphosphonium

Some of promising applications involving the use of QDs are also 

included in 

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

developed

Figure	18.

the	 ground

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Elservier).

Introduction

Table	4.	Continuation.

Quantum dot 

material/coating

AuNPs

triphenylphosphonium

Some of promising applications involving the use of QDs are also 

included in 

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

developed

Figure	18.

the	 ground

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Elservier).

Introduction

Continuation.

Quantum dot 

material/coating

AuNPs

triphenylphosphonium

Some of promising applications involving the use of QDs are also 

included in 

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

developed

Figure	18.	

the	 ground

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Elservier).	

Introduction

Continuation.

Quantum dot 

material/coating

AuNPs

triphenylphosphonium

Some of promising applications involving the use of QDs are also 

included in 

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

developed 

	The	excited

the	 ground-state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

	

Introduction

Continuation.

Quantum dot 

material/coating

AuNPs 

triphenylphosphonium

Some of promising applications involving the use of QDs are also 

included in 

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

 (see 

The	excited

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Introduction 

Continuation.

material/coating 

 

triphenylphosphonium

Some of promising applications involving the use of QDs are also 

included in Table 4

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

(see 

The	excited

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

 

Continuation.

 

triphenylphosphonium

Some of promising applications involving the use of QDs are also 

Table 4

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

(see 

The	excited

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

 

Continuation.

triphenylphosphonium

Some of promising applications involving the use of QDs are also 

Table 4

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

(see 

The	excited

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

 

Continuation.

triphenylphosphonium

Some of promising applications involving the use of QDs are also 

Table 4

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

(see Figure 18

The	excited

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

 

Continuation.

triphenylphosphonium 

Some of promising applications involving the use of QDs are also 

Table 4

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

Figure 18

The	excited

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

 

Continuation.

 

Some of promising applications involving the use of QDs are also 

Table 4

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

Figure 18

The	excited

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

 

Continuation.

Some of promising applications involving the use of QDs are also 

Table 4

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

Figure 18

The	excited

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Continuation.	

Some of promising applications involving the use of QDs are also 

Table 4

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

Figure 18

The	excited

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

	

Some of promising applications involving the use of QDs are also 

Table 4.

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

Figure 18

The	excited-state	electrons	of	MIP

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Some of promising applications involving the use of QDs are also 

 As a recent example, a novel eco

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

Figure 18

state	electrons	of	MIP

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

Figure 18

state	electrons	of	MIP

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Sensing 

strategy

FRET

FRET

FRET

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

Figure 18

state	electrons	of	MIP

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Sensing 

strategy

FRET

FRET

FRET

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

Figure 18).

state	electrons	of	MIP

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Sensing 

strategy

FRET

FRET

FRET

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

). 

state	electrons	of	MIP

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Sensing 

strategy

FRET

FRET

FRET

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

 

state	electrons	of	MIP

state	 electrons	 of	 4

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Sensing 

strategy

FRET

FRET

FRET

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

 

state	electrons	of	MIP

state	 electrons	 of	 4-

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Sensing 

strategy

FRET 

FRET 

FRET 

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

state	electrons	of	MIP

-NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Sensing 

strategy 

 

 

 

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

state	electrons	of	MIP

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	

Sensing 

 

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

based on the incorporation of G

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

state	electrons	of	MIP

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

P	molecules	(Reprinted	from	ref.	[1

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

based on the incorporation of G-QDs in molecularly imprinted polymers 

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

state	electrons	of	MIP

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

[1

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

state	electrons	of	MIP

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

the	highly	efficient	quenching	of	MIP-

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

[193

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

state	electrons	of	MIP

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

-coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

93

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

state	electrons	of	MIP

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

93]

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

state	electrons	of	MIP

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

],	Copyright	(2014),	with	permission	from	

Target (Analyte)

mecA gene 

sequence 

(Staphylococcus 

aureus

Mitocondrial H

 
H

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

state	electrons	of	MIP

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Target (Analyte)

mecA gene 

sequence 

Staphylococcus 

aureus

Mitocondrial H

 
H2S

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

state	electrons	of	MIP

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Target (Analyte)

mecA gene 

sequence 

Staphylococcus 

aureus

Mitocondrial H

S 

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

state	electrons	of	MIP

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Target (Analyte)

mecA gene 

sequence 

Staphylococcus 

aureus

Mitocondrial H

 

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

state	electrons	of	MIP-coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Target (Analyte)

mecA gene 

sequence 

Staphylococcus 

aureus)

Mitocondrial H

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Target (Analyte)

mecA gene 

sequence 

Staphylococcus 

) 
Mitocondrial H

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Target (Analyte)

mecA gene 

sequence 

Staphylococcus 

 
Mitocondrial H

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Target (Analyte)

mecA gene 

Staphylococcus 

Mitocondrial H

 

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

was reported for the first time by Zhou et al. 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Target (Analyte)

mecA gene 

Staphylococcus 

Mitocondrial H

 

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

was reported for the first time by Zhou et al. [193]

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Target (Analyte)

Staphylococcus 

Mitocondrial H

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

[193]

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Target (Analyte)

Staphylococcus 

Mitocondrial H2

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

[193]

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Target (Analyte)

Staphylococcus 

2O

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

[193]

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Target (Analyte) 

O2

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

[193].

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

 

2 

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

. In this work, a simple 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

 

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

In this work, a simple 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

In this work, a simple 

hydrothermal method has been used to fabricate silica

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

In this work, a simple 

hydrothermal method has been used to fabricate silica-

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Matrix 

(Sample)

Raw samples

L929 cells

Raw 264.7 

S

cells

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

In this work, a simple 

-coated

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Matrix 

(Sample)

Raw samples

L929 cells

Raw 264.7 

Serum, live 

cells

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco

QDs in molecularly imprinted polymers 

In this work, a simple 

coated

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Matrix 

(Sample)

Raw samples

L929 cells

Raw 264.7 

erum, live 

cells

Some of promising applications involving the use of QDs are also 

As a recent example, a novel eco-

QDs in molecularly imprinted polymers 

In this work, a simple 

coated

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Matrix 

(Sample)

Raw samples

L929 cells

Raw 264.7 

erum, live 

cells 

Some of promising applications involving the use of QDs are also 

-friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

coated

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Matrix 

(Sample)

Raw samples

L929 cells

Raw 264.7 

erum, live 

 

Some of promising applications involving the use of QDs are also 

friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

coated

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Matrix 

(Sample)

Raw samples

L929 cells

Raw 264.7 

erum, live 

Some of promising applications involving the use of QDs are also 

friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

coated

the determination of paranitrophenol in water samples has been 

 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

(Sample) 

Raw samples

L929 cells

Raw 264.7 

erum, live 

Some of promising applications involving the use of QDs are also 

friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

coated 

the determination of paranitrophenol in water samples has been 

 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

 

Raw samples

L929 cells, 

Raw 264.7 

erum, live 

Some of promising applications involving the use of QDs are also 

friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

 GQDs and 

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Raw samples

, 

Raw 264.7 cells

erum, live 

Some of promising applications involving the use of QDs are also 

friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

GQDs and 

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

NP	 thus	 transit	 to	 the	 excited	 states,	 due	 to	 the	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Raw samples 

cells

erum, live 

Some of promising applications involving the use of QDs are also 

friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

GQDs and 

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

due	 to	 the	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

 

cells

erum, live 

Some of promising applications involving the use of QDs are also 

friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

GQDs and 

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

due	 to	 the	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

cells 
erum, live 

Some of promising applications involving the use of QDs are also 

friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

GQDs and 

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

due	 to	 the	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

 

Some of promising applications involving the use of QDs are also 

friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

GQDs and 

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

due	 to	 the	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Ref.

[1

[1

[1

Some of promising applications involving the use of QDs are also 

friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

GQDs and 

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

due	 to	 the	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Ref.

[1

[1

[1

Some of promising applications involving the use of QDs are also 

friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

GQDs and 

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

due	 to	 the	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Ref.

[190

[191

[192

Some of promising applications involving the use of QDs are also 

friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

GQDs and 

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

due	 to	 the	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

Ref. 

90]

91]

92]

Some of promising applications involving the use of QDs are also 

friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

GQDs and 

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

due	 to	 the	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4

,	Copyright	(2014),	with	permission	from	

   

 

] 

] 

] 

Some of promising applications involving the use of QDs are also 

friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

GQDs and 

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

due	 to	 the	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

coated	GQDs	without	templates	is	quenched	a	lot	when	interacted	with	4-

,	Copyright	(2014),	with	permission	from	

   

 

 

 

Some of promising applications involving the use of QDs are also 

friendly sensor 

QDs in molecularly imprinted polymers 

In this work, a simple 

GQDs and 

the determination of paranitrophenol in water samples has been 

coated	GQDs	return	to	ground	state,	

due	 to	 the	

polar	resonance	of	donor	and	acceptor.	The	coupling	transitions	will	result	in	

coated	GQDs	fluorescence.	The	fluorescence	

,	Copyright	(2014),	with	permission	from	

   4949  



50                            

 

Synthesis, modification and analytical uses of CdSe/ZnS QDs 

Fluorescence resonance electron transfer (FRET) and luminiscence 

resonance energy transfer (LRET) 

The fluorescence (Förster) resonance energy transfer (FRET) and 

luminescence resonance energy transfer (LRET) are other promising 

optical detection techniques, which are based on a non-radiative process 

(Figure 19). For this purpose, the donor is excited at a certain 

wavelength and the emitted energy is absorbed by the acceptor. 

However, several factors could affect, such as the extent of the donor-

acceptor spectral overlap, the distance between the acceptor and donor 

molecules or the relative orientation of the transition dipoles. In this 

way, the explanation of S-QDs used in FRET or LRET techniques is 

based on their properties, such as their broad absorption spectra and 

large Stokes shifts. The broad absorption allows an excitation 

wavelength that can be chosen without any change in their emission 

band that minimizing the absorption of the acceptor so that direct 

excitation is minimized. In addition, QDs can be excited at wavelengths 

far from their emission wavelengths and their size can be tuning for 

their spectral overlap to specific systems. Furthermore, due to the large 

size of QDs, compared to organic dyes, it is possible performing 

multiple analytes detection using single QDs. This fact enables the 

enhancement of the FRET/LRET signal and thus to improve the 

sensitivity. To this end, it is very important the design of an adequate 

sample configuration where multiple acceptors (analytes) could interact 

with a single donor (QD). Therefore, QDs are good candidates to act as 

energy acceptors in FRET/LRET assays, representing an effective and 

simple sensoring strategy, especially in bioanalytical field. For this 

purpose, several works involving “semiconductor quantum dots” and 

“carbon-based quantum dots” have been reported. In addition, some of 

the reported strategies also demonstrate the continuous development of 

new approaches combining the FRET strategies with immobilization 

techniques or even with other nanoparticles as S-QDs/CDs, S-QDs/Au, 

G-QDs/Au, among others. Some of the recent and most relevant 
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with	 QD	 donors.	 Acceptor	 dye

cleavage	site	 for	 trypsin	(TRP),	chymotrypsin	(ChT),	and	enterokinase	(EK)	were	

assembled	on	immobilized	QDs.	P

in	the	intensity	and	color	of	PL	from	the	spots	of	immobilized	QDs	and	peptides.	

Synthetic	steps	used	for	modification	of	cellulose	paper	fibers	with	bidentate	thiol	
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Peterson et al. have investigated the photoinduced electron transfer from 

PbS quantum dots to cobalt (III) Schiff Base complexes [195] in order to 

suggest a new alternative for the preparation of inorganic agents that 

can be specifically coupled to a biologically active site by cooperative 

redox binding ligation. Other example involving the use of PbS QDs has 

been reported by Zhao et al. The authors have investigated the 

photoelectron transfer rate from PbS@CdS core@shell QDs, as promising 

alternative to traditional photovoltaic devices, to wide bandgap 

semiconducting mesoporous films (SiO2, TiO2 and SnO2). For this 

purpose, photoluminescence lifetime spectroscopy was used in order to 

propose viable solutions to the stability issues typical of NIR QDs 

capped with pure organic ligand shells [196]. 

Moreover, the combination of semiconductor quantum dot with 

graphene sheets has also reported. For this purpose, Nguyen et al. have 

proposed the encapsulation of quantum dots with conducting polymer 

polyaniline and the subsequently decoration onto graphene through 

π−π interactions, in order to enhance the stability of quantum dots in 

aqueous solution [197]. The obtained hybrid shows a great advantage 

for further applications in optoelectronic devices due to the clear 

response to the laser irradiation. In addition, Guo et al. have reported the 

photoinduced electron transfer between single graphene sheet and 

pyridine coated cadmium selenide quantum dots [198]. The coating 

agent of quantum dots enhances their adhesion to the graphene surface. 

In addition, this fact provides good electronic coupling between the two-

dimensional carbon allotrope and the cadmium selenide quantum dots.  

Alternatively to the traditional S-QDs, other quantum-sized 

nanoparticles such as carbon quantum dots have been studied and 

developed for similar photophysical and photochemical properties to S-

QDs. Following this approach, Wang et al. have reported the possibility 

of a highly efficiently quenching of the photoluminescence of carbon 

dots by electron acceptor or electron donor molecules in solution. 
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Therefore, carbon dots could be good candidates as donors and electron 

acceptors [199]. This fact could open new approaches in the 

development of applications related with the light energy conversion 

and similars.  

 

Raman scattering and surface enhanced raman scattering (SERS) 

Although QDs are widely used as fluorophores, they have also been 

used as Raman labels. Surface-enhanced Raman scattering (SERS) 

spectroscopy is an important tool for structural characterization and 

chemical/biosensing. In addition, it is a highly selective and sensitive 

technique in detection of chemical and biological molecules, based on 

the localized surface plasmon resonance (LSPR) effect of noble metallic 

nanoparticles. In this sense, several noble metals and transition metals as 

silver, copper, gold or palladium with rough surfaces have been 

traditionally used as substrates for SERS. However, due to the (bio) 

compatibility, cost, stability or environment-friendly feature, the 

development of new alternative substrates for SERS have been proposed 

a few years ago. Among these alternatives, the semiconductor materials 

are involved in SERS active substrates. Some of the proposed examples 

in this few years involve the use of hybrid metal-semiconductor 

quantum dots. For example, the simultaneous immunoassays of surface-

enhanced Raman scattering (SERS) and surface-enhanced fluorescence 

(SEF) by using bifunctional quantum dot-decorated Ag@SiO2 

nanostructures were proposed by Zhang et al. [200]. Lughi et al. have 

studied the surface-enhanced Raman effect in hybrid metal-

semiconductor nanoparticle assemblies consisting of silver nanoparticle 

cores (AgNPs) coated with a layer of CdSe quantum dots (QDs) [201]. 

The obtained enhancement of the Raman modes suggests several 

opportunities for further research, both in imaging and sensing 

applications. 

On the other hand, more recently, the use of carbon based nanomaterials 
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as carbon quantum dots and graphene quantum dots could exhibit the 

surprising promise in SERS applications. However, the use of these 

nanoparticles is in an infant state, so far. Only a few contributions in the 

development of platforms for SERS applications have been proposed. 

Luo et al. have fabricated gold/carbon dots (Au@CDs) composite 

nanoparticles as substrates for surface enhanced Raman scattering 

showing a higher SERS effect for rhodamine 6G than the suspension of 

pure Au nanoparticles [202]. The improvement of the capability of 

adsorbing the aromatic probe molecules of Au@CDs provides an 

excellent SERS effect. Moreover, the unique architecture of 1D nanotubes 

of 0D G-QDs provides a new approach for designing and fabricating 

SERS substrates. In this way, basing on the fabrication of metal-free 

platforms, Cheng et al. have contributed to this end by the combination 

of nanotubes and G-QDs. This new platform could ensure a more 

efficient charge transfer between the G-QDs and the target molecules 

resulting in a much stronger SERS effect, even exceeding that on flat 

graphene sheets [203]. 

 

Phosphorescence (RTP) 

The investigation on the development of sensoring strategies based on 

QDs using phosphorescence transduction is not very extended. 

However, the detection principle can provide several advantages for the 

design of optical sensors [204, 205]. Phosphorescence of QDs (RTP) has 

longer average life expectancy than fluorescence and is generated by the 

short lived singlet state. This fact allows that any fluorescence emission 

and scattering light can be avoided, an appropriate delay time and an 

enhancement of selectivity due to the usual phenomenon than that of 

fluorescence [206-208]. The most used QDs as phosphorescence probes 

in recent years are composed by manganese doped zinc sulfide 

quantum dots. As recent examples, Bi et al. have used manganese doped 

zinc sulfide quantum dots for the preparation of a room-temperature 



 

 

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

 

Figure	

capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

	

On the o

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

Mn

2,4,5

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

 Introduction

 

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

 

Figure	

capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

	

On the o

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

Mn

2,4,5

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

Introduction

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Figure	

capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

On the o

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

Mn

2,4,5

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

Introduction

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Figure	

capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

On the o

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

Mn-

2,4,5

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

Introduction

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Figure	

capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

On the o

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

-doped ZnS QDs via a surface molecular imprinting process using 

2,4,5-

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

Introduction

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Figure	

capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

On the o

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

-trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

Introduction

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Figure	

capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

On the o

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

Introduction

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Figure	 22

capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

On the o

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

Introduction

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

22

capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

On the o

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

Introduction

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

22.

capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

On the o

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

Introduction

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

.	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

On the o

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

Introduction

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

	 Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

On the other hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

Introduction 

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

 

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

 

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

 

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

 

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

 

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

 

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

mercaptopropionic acid-

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

-capped manganese dope

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphoresc

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

Moreover, the phosphorescence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see 

Schematic	 illustration	 of	 the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

clenbuterol in biological fluids (see Fig

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

Fig

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

Fig

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

Figure

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

ure

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

ure

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

ure

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

ure 22

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

22

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	
Copyright	(2014),	with	permission	from	Elservier).	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

22) 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	

).		

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

) 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	

	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

recently reported the formation of MIPs-based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule 

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

) [210

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	

	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

trichlorophenol as target molecule [211]

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

210

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	
and	 presence	 of	 clenbuterol	 (b)	 at	 low	 pH	 value	 (

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

[211]

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo

ence properties of C-

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn

phosphorescence sensor based on the modulation of melamine in the 

capped manganese dope

dots. The developed sensor was then applied to the detection of 

210

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

(Reprinted	 from	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

[211]

immobilization of phosphorescent quantum dots in a sol

acetone sensing has also proposed by Sotelo-

-QDs

phosphorescence sensor for the detection of urea in urine samples 

In addition, Gong et al. have developed a turn-

phosphorescence sensor based on the modulation of melamine in the 

capped manganese doped zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

210]

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

Reprinted	 from	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

[211]

immobilization of phosphorescent quantum dots in a sol

-González et al. 

QDs

phosphorescence sensor for the detection of urea in urine samples 

-off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

]. 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

Reprinted	 from	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

[211]

immobilization of phosphorescent quantum dots in a sol

González et al. 

QDs

phosphorescence sensor for the detection of urea in urine samples 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

.  

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

Reprinted	 from	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

[211]. In addition, the 

immobilization of phosphorescent quantum dots in a sol

González et al. 

QDs

phosphorescence sensor for the detection of urea in urine samples 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

Reprinted	 from	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

immobilization of phosphorescent quantum dots in a sol

González et al. 

QDs 

phosphorescence sensor for the detection of urea in urine samples 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

Reprinted	 from	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

immobilization of phosphorescent quantum dots in a sol

González et al. 

 have been recently 

phosphorescence sensor for the detection of urea in urine samples 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

Reprinted	 from	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

immobilization of phosphorescent quantum dots in a sol

González et al. 

have been recently 

phosphorescence sensor for the detection of urea in urine samples 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

Reprinted	 from	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

immobilization of phosphorescent quantum dots in a sol

González et al. 

have been recently 

phosphorescence sensor for the detection of urea in urine samples 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

Reprinted	 from	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

immobilization of phosphorescent quantum dots in a sol

González et al. 

have been recently 

phosphorescence sensor for the detection of urea in urine samples 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

Reprinted	 from	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

immobilization of phosphorescent quantum dots in a sol-

González et al. 

have been recently 

phosphorescence sensor for the detection of urea in urine samples 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

Reprinted	 from	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

-gel matrix for 

González et al. 

have been recently 

phosphorescence sensor for the detection of urea in urine samples 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

Reprinted	 from	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

gel matrix for 

González et al. 

have been recently 

phosphorescence sensor for the detection of urea in urine samples 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

Reprinted	 from	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

gel matrix for 

González et al. 

have been recently 

phosphorescence sensor for the detection of urea in urine samples 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

Reprinted	 from	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

gel matrix for 

González et al. 

have been recently 

phosphorescence sensor for the detection of urea in urine samples 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

Reprinted	 from	 ref.	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

gel matrix for 

González et al. 

have been recently 

phosphorescence sensor for the detection of urea in urine samples 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

ref.	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

gel matrix for 

González et al. 

have been recently 

phosphorescence sensor for the detection of urea in urine samples 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

ref.	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

gel matrix for 

González et al. 

have been recently 

phosphorescence sensor for the detection of urea in urine samples 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

ref.	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

gel matrix for 

González et al. 

have been recently 

phosphorescence sensor for the detection of urea in urine samples [

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

ref.	 [

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

gel matrix for 

González et al. [212]

have been recently 

[209

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

[210

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

gel matrix for 

[212]

have been recently 

209

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

210

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

gel matrix for 

[212]

have been recently 

209

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

210

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

gel matrix for 

[212]

have been recently 

209]

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

210]

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

gel matrix for 

[212]

have been recently 

   

]. 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

],	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

gel matrix for 

[212]. 

have been recently 

   

. 

off room temperature 

phosphorescence sensor based on the modulation of melamine in the 

d zinc sulfide quantum 

dots. The developed sensor was then applied to the detection of 

the	 interaction	 of	 mercaptopropionic	 acid	
capped	manganese	doped	zinc	sulfide	quantum	dots	and	melamine	in	absence	(a)	

,	

ther hand, the development MIPs containing QDs for 

phosphorescence detection has been also reported. Thus, Wei et al. have 

based room temperature 

phosphorescence sensor by anchoring a MIPs layer on the surface of 

doped ZnS QDs via a surface molecular imprinting process using 

. In addition, the 

gel matrix for 

. 

have been recently 

   575757  



58                            

 

Synthesis, modification and analytical uses of CdSe/ZnS QDs 

discovered by Deng et al. [213]. In this way, preliminary investigations 

suggested that clear phosphorescence could be observed at room 

temperature by dispersing the C-QDs into a polyvinyl alcohol (PVA) 

matrix, when excited with UV light.  

 

(ii) Electrical strategies 

Commonly, the majority of sensoring strategies using QDs have been 

based on optical sensing. However, the advance in the development of 

analytical methodologies exploiting other properties of QDs is 

increasing, due to the exceptional alternatives that they offer. 

Electrochemiluminiscence (ECL), electrochemistry (EC) or 

photoelectrochemistry (PEC) are some of the most used electrical 

strategies that involving QDs. Therefore, the most prominent electrical 

strategies including the most relevant applications reported so far are 

summarized in this section. 

 

Electrochemistry (EC) 

The incorporation of quantum dots in electrochemistry techniques is one 

of the exciting researches in fast-growing in the last few years. The 

combination of the electrochemistry characteristics as the sensibility, 

selectivity, speed or simplicity, with the exceptional properties of 

quantum dots as electronic, optical, or catalytic open new approaches in 

the Nanoelectrochemistry field. The high surface area-to-volume ratio 

and the possibility of electron transfer mechanisms of QDs allows 

increasing of the electrochemically active areas by modification of the 

electrochemical interfaces and a faster current response for target 

molecules. Moreover, the possibility of conjugation of QDs with 

biomolecules allows acting as nano-connectors for triggering redox 

enzymes or electrical labels for biorecognition events. In addition, their 

combination with large molecules (polymers, dendrimers) obtaining 
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supramolecular assembling allows the design and construction of 

several architectures on the electrode surfaces achieve an 

electrochemical-sensing interface. Following this approach, the recent 

advances in the use of several kinds of QDs in electrochemical sensoring 

strategies for the electrochemical analysis of proteins, DNA, ions or 

contaminants are shown in this section. 

In this context, Li et al. studied the electrochemistry of 

mercaptopropionic acid (MPA) capped CdTe quantum dots in aqueous 

solution by differential pulse voltammetry (DPV) method observing 

three oxidizing processes 0.36 (A1), 0.68 (A2) and 0.84 V (A3) [214]. They 

found that one electrochemical process (A1) could be selectively 

suppressed by metal ion Mg2+, therefore for the development of a QDs-

based electrochemical detection of Mg2+. Moreover, anodic stripping 

voltammetry (ASV) has been used by Zhou et al. in a multiplex 

microfluidic sandwich immunoassay for the simultaneous 

determination of cardiac troponin I and C-reactive protein in serum 

[215]. For this purpose, PDMS-AuNP composite microreactors were 

used to immobilize the capture antibodies and CdTe, and ZnSe QDs 

were conjugated with the corresponding detection antibodies. After the 

formation of the sandwich immunocomplexes, QDs were dissolved and 

Cd (II) and Zn (II) ions were quantified by ASV. Krejcova et al. have 

reported a microfluidic chip (three dimensions printed chip) for the 

detection of influenza virus labelled with CdS quantum dots by using 

electrochemical detection [216]. This method can be extended for the 

detection of other specific and important substances related with 

infectious diseases. In addition, an electrochemical sensor that combines 

the imprinted technique and nanoparticle QDs as the recognition 

element, in this case urea, was also developed by Lian et al. [217]. 

Moreover, taking advantage of the electrochemical properties similar to 

graphene, G-QDs are widely used as a kind of novel electrode material 

in the field of electrochemical sensors. Following this approach, Zhao et 

al. designed a simple but smart platform using G-QDs modified 
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pyrolytic graphite electrode coupled with specific sequence ssDNA 

molecules as probes based on the strong interaction between single-

stranded DNA (ssDNA) and graphene material [218]. The use of G-QDs 

as substrate for enzyme immobilization has also reported by Razmi et al. 

[219]. They immobilized glucose oxidase (GOx) on the G-QDs modified 

carbon ceramic electrode (CCE) and direct electrochemistry of GOx was 

carried out. Additionally, their use as sandwich-type electrochemical 

immunosensor with an Fe3O4@G-QDs hybrid and apoferritin-

encapsulated Cu (Cu-apoferritin) nanoparticles as labels for highly 

selective and sensitive detection of avian leukosis virus subgroup J 

(ALVs-J) have also demonstrated by Wang et al. [220]. 

The use of carbon based quantum dots have also been used in order to 

fabricate electrochemical sensors. For this purpose, the development of 

an electrochemical immunosensor, based on the PAMAMCD/Au 

nanocrystal nanocomposites, was reported by Gao et al. [221]. The 

developed nanocomposites showed an excellent conductivity, stability 

and biocompatibility on the surface of electrode. Moreover, their design 

as an immobilized matrix was used for sensitive immunosensing of 

alpha-fetoprotein (AFP). In addition, the immunosensor was evaluated 

for the analysis of clinical serum samples, obtaining a good correlation 

with ELISA, providing a possible application for the detection of AFP in 

clinical diagnosis. 

 

Electrochemiluminescence (ECL)  

The possibility of electrical excitation of QDs in both organic and 

aqueous media containing a supporting electrolyte allows the use of 

QDs in electrochemiluminescence (ECL). A coreactant can be involved 

or not. Process carried out in the absence of a coreactant involves cyclic 

anodic and cathodic potentials at an electrode to create oxidized (hole 

injected) and reduced (electron injected) “semiconductor quantum dots” 

species. The use of a coreactant such as H2O2, S2O82- or O2 involves an 
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electron transfer reaction between electrochemically formed 

nanoparticles species and coreactants. This fact allows the use of QDs for 

the development of novel ECL sensors. In addition, two different types 

of sensors have been developed: sensors based on a decrease or increase 

in ECL by effect of the analyte causing suppress/increase of coreactant, 

or suppressing/increasing the production of excited QDs.  

Some advantages of the behaviour of QDs using ECL technique, such as 

the sensitivity and selectivity, due to the dependence of their surface 

states, or the absence of background signal from nonspecific adsorbate 

photoexcitation, have been observed. 

Following this approach, Wang et al. have recently reported a method 

based on anodic near-infrared electrochemiluminescence (NECL) from 

3-mercaptopropionic acid (MPA)-capped CdTe/CdS QDs without any 

co-reactants in aqueous solution for the sensing ability of Cu2+ [222]. The 

proposed method was used to monitor Cu2+ level in lake water and milk 

with satisfactory results. In addition, a sensitive, simple and selective 

method for the detection of Cd2+ have also been proposed based on ECL 

of CdTe modified thioglycolic acid [223]. The ECL method of TGA-CdTe 

QDs was based on the “turn on” where firstly is quenched by 

introduction of S2- and then is restored due to the following addition of 

Cd2+. As example of a method based on the decrease of the signal in 

ECL, Wang et al. have reported the electrochemiluminescence (ECL) 

behaviour of water soluble CdTe QDs capped with glutathione and 

thioglycolic acid [224]. In this case, thioglycolic acid was introduced as 

another capping agent in order to improve the sensitivity. The method 

was based on the quenching effect on the ECL of GSH-TGA-CdTe QDs 

by Pb2+. Therefore, a sensitive and selective method for the 

determination of Pb2+ was achieved. ECL emission of CdS QD-modified 

electrodes on a paper based platform was also reported by Shi et al. 

[225]. The method was based on the quenching effect of dopamine on 

ECL emission of CdS QD system using H2O2 as coreactant. For this 
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purpose, the preparation of CdS QD-modified electrodes was carried 

out by dropping and drying CdS QD suspension on the carbon adhesive 

tape supported by indium tin oxide (ITO) glass and the ECL detection 

was performed with the prepared electrode on a paper-based platform.  

Moreover, similar to semiconductor quantum dots, carbon based QDs 

(C-QDs) also have been proposed as new generation of ECL 

luminophores open a promising field for the development of new ECL 

sensoring strategies. For this purpose, based on the quenching effect of 

the analytes on the C-QDs/coreactant ECL system, C-QDs have been 

used for the detection of analytes such as Cd2+ [226], Pb2+ [227], sulfide 

ions (S2-) [228], etc. Moreover, G-QDs have used as ECL aptamer sensors 

for determination of adenosine triphosphate (ATP) using H2O2 as 

coreactant and SiO2 nanospheres as signal carrier [229], or as ECL 

labelling agents for immunoassays of cancer markers [230], among 

others. Sometimes, their combination with other nanomaterials as SiO2 

nanospheres [229], Pt nanoparticles [230], graphene nanosheets [231], 

among others, have been need as signal amplification agents in order to 

enhance the loading amount of C-QDs and biomolecules in the 

improvement of biosensors. Other authors also reported the catalytic or 

amplification effect of C-QDs on other metal-based ECL systems as 

CdTe [232] or CdS [233].  

Therefore, it can be seen that the use of carbon based QDs significantly 

contribute to the development of novel and efficient ECL sensoring 

strategies as ECL emitting species or labels, signal-transition platforms, 

biomolecule carriers or amplification agents for sensing devices. 

 

Photoelectrochemistry (PEC) 

Quantum dots exhibit good photoelectrochemical properties derived 

from the quantum size effect which converts them in a new kind of 

photoactive materials. When QDs are attached to electrode supports the 
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photocurrent is generated by the electron transfer from the conduction 

band of QDs to the electrodes or the electron transfer from electrodes to 

valence band of QDs [234]. Photoelectrochemical sensors involving QDs 

exhibit some unique advantages over both fluorescence and 

electrochemical sensors [235]. For example, its sensitivity and the 

deleting of some background signals due to the use a visible light as 

excitation source and a potentiostat as transducer [236]. On the other 

hand, for the photoelectrochemical application of QDs in biological 

analysis, it is important to find efficient ways to improve the 

photocurrent intensity of QDs. Thus, the development of a 

photoelectrochemical biosensor based on TiO2/CdSe@CdS QDs 

nanocomposite modified electrode has been reported [237]. The QDs 

nanocomposite modified electrode is coated with glucose oxidase and 

the detection of glucose was carried out by monitoring the changes in 

the photocurrent intensity. In addition, a non-enzymatic biosensor was 

fabricated using graphene-CdS QDs based photoelectrode resulting 

from its excellent photoelectrochemical activities [238]. The biosensor 

exhibed good performance in the monitoring of glucose with a sensitive, 

low detection limit and good selectivity. On the other hand, the 

combination of QDs with molecularly imprinted polymer for 

photoelectrical sensoring strategies has also observed. Following this 

approach, Wang et al. have used CdTe quantum dots modified 

molecularly imprinted polymer as microfluidic origami 

photoelectrochemical sensor for highly selective and sensitive detection 

of S-fenvalerate [239]. For this purpose, CdTe QDs@MIPs were 

immobilized on paper-based screen-printed working electrodes vial 

gold nanoparticles, which was electrodeposited on the surface of WE to 

improve the electron transfer efficiency for high sensitivity. The 

generated photocurrent from this sensor upon ultraviolet radiation 

decreased with the increasing concentrations of S-fenvalerate.  

Photoelectrochemistry technique is receiving more attention in carbon 

based QDs for its application in several fields of biology, medicine, and 
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for environmental monitoring. As recent examples, Yan et al. have 

demonstrated a simple approach for fabricating graphene quantum 

dots-TiO2 (G-QDs-TiO2) nanocomposites by a simple physical 

adsorption method that enhanced photoelectrochemical (PEC) signal 

under visible-light irradiation [240]. The constructed PEC sensor has 

been used to the selective and sensible detection of dopamine. In 

addition, the use of C-QDs for photoelectrochemical solar hydrogen 

generation and their size-dependent effect [241] and for 

photoelectrochemical hydrogen generation using C-QDs sensitized TiO2 

nanotube arrays [242] have also reported. This fact demonstrates new 

approaches in the area of renewable energy. 

 

Challenges and opportunities  

As it can be observed, in the last 30 years a lot of compositions of 

semiconductor quantum dots have been developed with different 

purposes in several fields (see Figure 23). This fact is due to the 

exceptional, unique and interesting optical and electrical properties they 

have in the nanoscale range. It is clear that the physical, chemical and 

fluorescent properties of QDs is unparalleled by any other currently 

existing inorganic or organic molecules. Significant progress has been 

made in the development of several sensoring strategies in different 

fields. Thus, in the design and fabrication of novel sensors based of QDs. 

The main advantages and disadvantages of each sensoring strategy 

involving the use of quantum dots have been summarized in the Table 

5. 

As it has been discussed in previous sections, the quantum confinement 

effect gives them tunable fluorescent properties by just varying the size 

of the QDs that has resulted in numerous applications (FRET sensors, 

labeling of cellular proteins, cell tracking, pathogen and toxin detection). 

However, some disadvantages of semiconductor QDs include their 

sometimes intrinsic toxicity due to leaching of Cd or Se ions from QDs, 
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Synthesis, modification and analytical uses of CdSe/ZnS QDs 

quantum dots, as novel materials are showing great potential in a wide 

variety of applications in several fields. Carbon based quantum dots 

present several advantages compared with semiconductor quantum 

dots, such as high biocompatibility, solubility, easier synthetic methods, 

abundance or less toxicity of these nanoparticles. Since the discovery of 

these new kinds of quantum dots, researches on the synthesis, 

performance, mechanism and application of these nanoparticles are 

rapidly appearing. However, accurate control over their properties is 

still far from ideal and most preparation processes involve complicated 

chemical reactions that are inconvenient in characterization with NMR, 

IR, etc. Moreover, it is important to take into account that the non-

toxicity of these nanoparticles can be a good alternative for biological 

purposes. In addition, the easily introduction of versatile functionality at 

the carbon based quantum dots surface without influencing optical 

properties enriched their applications. However, further efforts in 

developing characterization strategies are necessary for its use for 

several purposes. 
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Table 5. Critical view of the main advantages and disadvantages of sensoring strategies using QDs. 

 Main advantages Main disadvantages 

OPTICAL SENSING   

Fluorescence (FL) Luminescence sensitive to the surface states of the QDs.  

Simple, easy to develop, selectivity and highly sensitive. 

Possibility of their incorporation in microsystems. 

 

Usually limited to the detection of single few small 

molecules or reactive ions when the QDs surface is 

not selective conjugate.  

Fluorescence/Luminiscence 

Resonance Transfer 

(FRET/LRET) 

Possibility of realizing multiple analyte detection using a single 
QD donor, which enhances FRET/LRET signals and thus 
measurement sensitivity.  

QD bioconjugates require careful preparation of 
intermediary proteins, polysaccharides or 
oligonucleotides in order to ensure sufficient signal 
change upon acceptor binding to realizing an 
efficient and accurate assay. 
 

Phosphorescence (RTP) The longer average life expectancy than fluorescence allows that 
any fluorescence emission and scattering light can be avoided, an 
appropriate delay time and an enhancement of selectivity due to 
the usual phenomenon than that of fluorescence. 
Possibility of their immobilization in several matrixes. 
 

It is a less usual phenomenon than that 
fluorescence. 
Their application in phosphorescence trans-duction 
strategies involves the use of dopants in order to 
delay the luminescence lifetimes of QDs. 

Photoinduced Electron 
Transfer (PET) 

Possibility of modulation the features of the “fluorophore-spacer-
receptor” design for an efficient and accurate assay. 

The excited state energy of the fluorophore needs 
to be sufficient to provide both the reduction 
potential of the fluorophore and the oxidation 
potential of the receptor. 
The spacer must be short enough to permit 
reasonably fast PET rates in the ‘off’ state of the 
sensor. 
 

Surface Enhanced Raman 
Scattering (SERS) 

Highly selective and sensitive technique due to the possibility of 
coupling different nanomaterial-based substrates that can 
dramatically enhance the intensity of the Raman signal and 
provide ultrasensitive assays. 
 
 
 

It is required a better control the gap distance 
between metallic enhancer and reporter, eliminate 
the SERS background signal by blocking of 
nonspecific binding and, help differentiate a 
greater number of SERS active tags in a complex 
solution. 
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Table 5. Continuation. 

 Main advantages Main disadvantages 

ELECTRICAL SENSING   

Electrochemiluminiscence 

(ECL) 

Sensitivity and selectivity due to the dependence of their 

surface states and the absence of background signal from 

nonspecific adsorbate photoexcitation. 

 

 

In general, it is required the use of a coreactant 

for obtain QD ECL with the view to 

overcoming the limited potential window of a 

solvent or the poor stability of radical anions 

or cations. 

 

Photoelectrochemistry 

(PEC) 

Photoexcited QDs yields luminiscence probes and allows 

the photo-generated electron-hole pair to boost the 

production of photocurrents. 

 

It is essential to suppress photogenerated 

electron-hole recombination with a view to 

increasing the photocurrent intensity. 

 

Electrochemistry (EC) High surface area-to-volume ratio, which allows QD-

modified electrochemical interfaces with increased 

electrochemically active areas to be prepared and the 

increased Faradaic-to-capacitive current ratios with QDs-

modified electrodes for more sensitive detection of some 

molecules. 

Possibility to acting as nanoconnectors for triggering redox 

enzymes or electrical labels for biorecognition events and 
their combination with large molecules to form 
supramolecular assembling units with a view to cons-
tructing a variety of architectures on electrode surfaces and 
further tailoring of an electrochemical-sensing interface. 
High potential to act as enhancing agents for effective 
acceleration of electron transfer between electrode and 
detection molecules (faster current response). 
 

The construction of architectures on electrodes 
surfaces involving QDs as nano-conectors 
with large molecules or redox enzymes 
involves complicated assembling. 
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CHAPTER I  

MATERIALS, EQUIPMENT AND 

METHODS 

 
 
 
 
“No tenemos medios; luego, habrá 

que pensar”. 

Ernest Rutherford (1871–1937) 

his section lists, and briefly describes, the analytical tools 

used in the experimental work of this Thesis, including 

reagents, standard solutions and the preparation of the 

samples. This Chapter also includes the instrumentation, 

equipment and other materials used, describing in more detail 

those that have been most important in the experimental work. 
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I.1. Standards, reagents and samples 

I.1.1. Standards and reagents 

Standards and reagents used to prepare the solutions involved in the 

experimental work of this Thesis were of analytical purity or higher and 

they are listed in Table I.1. 

The working solutions were daily prepared into the proper solvent from 

the standard solutions. The standard solutions were always kept 

preserved from light at a temperature of 4 ⁰C. 

The buffer solutions were prepared in deionized Milli-Q water and the 

pH of the solution was adjusted by using 0.1 M NaOH or 0.1 M HCl 

solutions. 

The solvents used in the experimental work are listed below: 

• Ultrapure water (purification system Milli-Q, Millipore, 

Molshem, France); 

• Methanol, HPLC purity grade, Sigma-Aldrich; 

• Ethanol, HPLC purity grade, Panreac; 

• Acetonitrile, HPLC purity grade, Sigma-Aldrich; 

• Anhydrous Chloroform, ≥ 99.00%, Sigma-Aldrich; 

• Hexane, HPLC purity grade, Sigma-Aldrich;  

• Acetone, HPLC purity grade, Panreac. 

These solvents were used for different purposes: (i) for purification and 

solubilization of QDs, (ii) as extractants, (iii) to prepare standard 

solutions of the analytes, (iv) as reaction medium in QDs modification 

processes, and (v) as background electrolyte (BGE) used in the 

chromatographic system. 
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Table I.1. Reagents used in the experimental work. 

Reagents Purity (%) State (25 ⁰C) Suplier 

For the synthesis of CdSe/ZnS QDs 

Bis(trimethylsilyl) sulfide --- Liquid Sigma-Aldrich 

Cadmium oxide 99.99 Solid Sigma-Aldrich 

Diethylzinc solution (1M in hexane) --- Liquid Sigma-Aldrich 

Hexylphosphonic acid 95.00 Solid Alfa Aesar 

Nitrogen, N-45 99.99 Gas Air liquid 

Selenium 100 mesh 99.99 Solid Sigma-Aldrich 

Trioctylphosphine 90.00 Liquid Sigma-Aldrich 

Trioctylphosphine oxide 99.00 Solid Sigma-Aldrich 

Trioctylphosphine 90.00 Liquid Sigma-Aldrich 

For the modification of CdSe/ZnS QDs surface/paper devices 

α-cyclodextrin 98.00 Solid Fluka 

β-cyclodextrin 98.00 Solid Sigma-Aldrich 

γ-cyclodextrin ≥ 98.00 Solid Tokyo Chemical 

Industry 

America 

3-mercaptopropionic acid 99.00 Liquid Sigma-Aldrich 

Cysteamine 98.00 Solid Sigma-Aldrich 

Glucose oxidase 17300 U g-1  Sigma-Aldrich 

L-cysteine 98.50 Solid Sigma-Aldrich 

For the preparation of buffer solutions 

Di-sodium hydrogen phosphate 

anhydrous  

99.00 Solid Panreac 

Hydrochloric acid 37.00 Liquid Panreac 

Orthophosphoric acid 85.00 Liquid Panreac 

Sodium hydrogen orthophosphate 99.00 Solid Sigma-Aldrich 

Sodium hydroxide 98.00 Solid Sigma-Aldrich 

Sodium tetraborate anhydrous 98.00 Solid Fluka 

Used as analytes 

4.4´-bipyridinium dichloride (paraquat) ≥ 98 Solid Sigma-Aldrich 

4-hydroxy-3-methoxybenzaldehyde 
(Vanillin) 

98.00 Solid Fluka 

D-(+)-glucose anhydrous ≥ 99.5 Solid Panreac 
L-(+)-ascorbic acid ≥ 99.70 Solid Panreac 
Metsulfuron methyl 99.00 Solid Fluka 
Triasulfuron 97.4 Solid Fluka 
Tribenuron methyl 98.90 Solid Fluka 
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Table I.1. (Continuation) 

Reagents Purity (%) State (25 ⁰C) Suplier 

Used as interferents 

4-hydroxy-3-methoxibenzyl alcohol 
(vanillin alcohol) 

98.00 Solid Sigma-Aldrich 

4-hydroxybenzaldehyde 98.00 Solid Sigma-Aldrich 
4-hydroxybenzyl alcohol 99.00 Solid Sigma-Aldrich 
Chlormequat chloride 99.10 Solid Fluka 
Citric acid anhydrous 99.50 Solid Panreac 
D-(-)-fructose Highy pure Solid Panreac 
D-(+)-glucose anhydrous --- Solid Panreac 
D-(-)-lactose monohydrate ≥ 98.00 Solid Sigma-Aldrich 
D-(+)-maltose monohydrate 98.00 Solid Sigma-Aldrich 
Deiquat dibromide monohydrate 101.5 Solid Sigma-Aldrich 
Fenitrothion 95.20 Liquid Fluka 
L-(+)-ascorbic acid ≥ 99.70 Solid Panreac 
L-(+)-histidine monochloride 
monohydrate 

≥ 98.00 Solid Sigma-Aldrich 

Malathion 97.20 Liquid Fluka 
Mepiquat chloride 99.20 Solid Fluka 
Potassium chloride 99.00 Solid Sigma-Aldrich 
Pyridoxine free base --- Solid Sigma-Aldrich 
Starch --- Solid Acofarma 
Sucrose For analysis Solid Panreac 
Sunset yellow FCF (E-110) 90.0 Solid Sigma-Aldrich 
Terbutryn 98 Solid Fluka 

 

I.1.2. Samples 

The samples analyzed in the experimental work were: 

• Water samples from diferent procedence of Ciudad Real 

province (tap, mineral, waste and groundwater). 

• Fruit juices samples from different suppliers (local market). 

• Milk samples (local market). 

• Custard samples (local market). 

• Sugar samples (local market). 
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• Pharmaceutial formulation samples. 

The different samples were prepared as follows: 

o Water samples were obtained and spiked with several amounts 

of paraquat. These samples were then filtered through 0.45 µm 

filter and the pH was adjusted to 8.0 using a hydrochloric acid 

solution.  

o Sugar samples were ground to a fine powder. Then, 0.5 g of this 

powder and 2 mL of absolute ethanol were placed into a tube 

and shaked by a laboratory shaker for 10 min. This mixture was 

centrifuged at 10000 rpm. The clear part of the solution in the 

tube was used for analysis. Ethanol was evaporated and the 

resulting residue was dissolved in water. 

o Milk samples. 1 mL of milk sample and 2 mL of absolute ethanol 

were placed into a tube and shaked by a laboratory shaker at 40 

⁰C for 10 min. This mixture was centrifuged at 12000 rpm for 15 

min for precipitate the proteins. The supernatant was evaporated 

and the resulting residue was dissolved in water. 

o Custard samples. 0.05 g of custard powder and 2 mL of absolute 

ethanol were placed into a tube and shaked by a laboratory 

shaker at 40 ⁰C for 10 min. This mixture was centrifuged at 6000 

rpm for 15 min. The supernatant was used for analysis. The 

absolute ethanol was evaporated and the resulting sample 

residue was dissolved in water. 

o Fruit juices samples. 4 mL of fruit juice were centrifuged at 6000 

rpm for 10 min in order to eliminate the solids matrix. Then, a 

portion of obtained supernatant was used directly for the 

analysis of AA without necessary previous dilution by using the 

off-line approach.  

o Pharmaceutical formulation. 3 packets were accurately weighed 
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Synthesis, modification and analytical uses of CdSe/ZnS QDs 

three neck round flask, temperature control system with a Pt 100 

temperature sensor, heating mantle with magnetic agitation 

connected to temperature controller and reflux system. 

The magnetic stirrer AGIMAN with adaptable heating mantle is 

connected to an electronic controller ELECTEMP (JP Selecta, 

Barcelona, Spain) with a Pt 100 temperature sensor allowing the 

temperature regulation up to 350 °C by an electronic energy 

regulator synchronized with flashing lamp when the heater is 

working. Also, it allows adjusting the stirring speed to 1600 rpm 

using an electronic speed controller. 

• Microwave model LG de 1550 W (Madrid, Spain). 

• High speed Ultracentrifuge controlled by microprocessor and 

temperature regulation (CENTROFRIGER-BL-II model 7001669, 

JP Selecta, Barcelona, Spain).  

• Analytical Balance Gram Precision (Mettler, model AE240).  

• pH-meter model Crison Basic 20 combined with a glass electrode 

(Allela, Barcelona, Spain). 

• Ultrasonic bath 50 W, 60 Hz (J. P. Selecta, Barcelona, Spain).  

• Peristaltic pump model Gilson Miniplus-3 (Villiers Le Bel, 

France).  

• Shacker model GV Lav Gilson 

• UV lamp 230 V (wavelength of 254/365 nm, model E2107, 

Consort nv, Turnhout, Belgium). 

• Eppendorf vials.  

• PTFE tubes (0.5mm i.d.). 

• Six-way valve. 

• Centrifuge tubes.  
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• Sringes. 

• Needles. 

• Nylon syringe filters with pore size of 0.45 µm (Millipore, 

Madrid, Spain). 

• Quarz cuvettes with four transparent faces.  

• Chromatographic paper (Whatman grado 1 CHR, Whatman, 

Maldstone, Kent, UK). 

• Polymethylmethacrylic acid slides (3 mm, GravoTech, Inc., 

Duluth, Ga, USA). 

• Glass and polypropylene vials.  

• Microscopy grids (200 mesh copper grid with Fomrvar carbon 

film, PELCO®, Ted Pella, Inc., Canada, USA). 

• Micropipettes.  

• Laboratory Glassware, class A. 

• Photo camera (Panasonic, modelo DMC-TZ10). 

• Software CorelDraw X6 de Corel Corp. (Ottawa, Canada). 

• Fused-silica capillary 75 µm i.d., 365 µm outside (Polymicro 

Technologies, Phoenix, Arizone, USA) 

 

I.3. Methodologies 

The most relevant methodologies and procedures used in the 

experimental work of this Thesis are described in this section. 
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Synthesis, modification and analytical uses of CdSe/ZnS QDs 

I.3.1. Preparation of CdSe/ZnS QDs 

The synthesis of CdSe/ZnS QDs was carried out in two steps: synthesis 

of CdSe and coating of CdSe with ZnS shells. CdSe core nanocrystals 

were prepared via a modified process reported Peng et al. [1]. Typically, 

0.06 g of cadmium oxide (CdO), 0.22 g of hexylphosphonic acid (HPA), 

and 7 g of trioctylphosphine oxide (TOPO) were loaded in a 250 mL 

three-neck round flask clamped in a heating mantle and air in the 

system was pumped off and replaced with N2. The mixture was stirred 

and heated at 300-310 ⁰C for 15 min, and CdO was dissolved in HPA 

and TOPO. The solution was cooled down to 270 ⁰C and 2.5 mL of a 

solution of selenium in trioctylphosphine (Se/TOP) was swiftly injected. 

After the injection, the temperature was adjusted to 250 ⁰C for nucleus 

growth during 20 min and a change in the color of the solution to red 

was observed. To make ZnS shell on the CdSe, 3mL of a solution of 

Zn/S/TOP (0.58 g of diethylzinc solution (ZnEt2, 1 M in hexane), 0.087 

mL of bis(trimethylsilyl)sulfide ((TMSi)2S) and 3.4 mL of TOP) was 

added dropwise to the mixture under vigorous stirring. The mixture 

was kept to 90 ⁰C for 4 h to improve the crystallinity of ZnS shell. After 

cooling the solution down to room temperature, QDs were diluted with 

10 mL of anhydrous chloroform. Finally, the synthesized QDs were 

purified by adding 10 mL of methanol to 10 mL of the QD solution. 

Then, QDs were precipitated, collected by ultracentrifugation (at 13000 

rpm during 15 min), and washed with methanol four times. The purified 

QD nanocrystals were finally dispersed in 10 mL of anhydrous 

chloroform and stored in darkness. 

I.3.2. Preparation of thiol modified CdSe/ZnS QDs 

The water solubilization of the initially insoluble CdSe/ZnS nanocrystals 

was achieved by replacing the initial hydrophobic surfactants 

(TOPO/TOP) with three hydrophilic thiol ligands, L-cysteine (L-Cys), 
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of phosphate aqueous solution, was adjusted to the desired pH by using 

0.1 M sodium hydroxide or 0.1 M hydrochloric acid solutions. All 

solutions were filtered through a 0.45 μm membrane filter before use.  

CE separations were accomplished by using a fused-silica capillary 75 

μm i.d. with an effective length between inlet and detector of 60 cm 

(total length of 65 cm). The temperature of the capillary cartridge was set 

to 20 ⁰C and the applied voltage for the electrophoretic separation was 

23 kV. 

Hydrodynamic sample injections were performed at 0.5 psi for 30 s. 

Autosampler was kept to 20 ⁰C during analysis. Initially a new capillary 

was conditioned with 1 M HCl (5 min), 1 M NaOH (10 min), water (10 

min) and running buffer (10 min). Between runs, the capillary was 

conditioned with 1 M NaOH (1 min), water (5 min) and running buffer 

(5 min) to ensure reproducibility. 
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CHAPTER II  

SYNTHESIS, MODIFICATION AND 

CHARACTERIZATION OF 

CdSe/ZnS QDS 

 
 
 
 
“La gota abre la piedra, 
no por su fuerza sino por 

su constancia”. 

Lucretius 

ne of most important features of Nanoscience and 

Nanotechnology is its multidisciplinary character. Following this 

approach and focusing in Analytical Nanotechnology, the role of 

this discipline includes not only the synthesis and modification of 

nanomaterials for their subsequently use as tools for the development or 

improvement of analytical methods with applications in different fields. 

The development of analytical methodologies for proper 

characterization of nanomaterials is another important challenge in 

Analytical Nanotechnology today.  
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Synthesis, modification and analytical uses of CdSe/ZnS QDs 

Therefore, this Chapter describes the synthesis of CdSe/ZnS QDs (based 

on the methodology described by Peng et al [1]); as well as the 

contribution on the development of different strategies for the 

modification of QDs surface and the methodologies used for the proper 

characterization of nanoparticles obtained. 
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II.1. Synthesis of CdSe/ZnS QDs 

As it previously commented in the Introduction of this Thesis, a wide 

variety of procedures for QDs synthesis have been developed, and the 

colloidal synthesis represents the most used and the best alternative. In 

this chapter, the synthesis of CdSe/ZnS QDs is described and its 

structure discussed. The general aim was to achieve a reproducible and 

robust synthetic route for the preparation of luminescent CdSe/ZnS 

nanocrystals.  

II.1.1. Structure of CdSe/ZnS QDs 

The nanoparticles used in this Thesis were semiconductor nanocrystals 

based on a core-shell structure. The core was composed of cadmium 

selenide (CdSe) and the shell overcoating of a zinc sulfide (ZnS) 

material. In general, the nanoparticles were protected and stabilized by a 

layer of organic molecules in solution. For this purpose, 

trioctylphosphine (TOP) and trioctylphosphine oxide (TOPO) were the 

ligand molecules used, which were chemisorbed on the QDs surface 

when these nanocrystals were formed and grow in the TOP/TOPO 

dispersing agents. 

The important interest of overcoating of CdSe core to form a core-shell 

structure is based on the improvement of the photoluminescence 

quantum yield by passivating surface nonradiative recombination sites 

[2, 3]. This is possible by using of an inorganic shell with a higher band 

gap material, such as ZnS (Figure II.1). These inorganic shell structures 

provide more robust, better protection from fluorescent quenching for 

the cores and photooxidation and higher stability and electrical 

connection, compared to the use of organic ligands. In addition, the 

thickness of ZnS shell also influence the quantum efficiency of QDs and 
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rapid nucleation step, the solution was cooled down to 270 ⁰C and 2.5 

mL of the solution of selenium in trioctylphosphine solution (Se/TOP) 

was swiftly injected. A rapid injection of the reagents to the reaction 

system helps to raise the precursor concentration above the nucleation 

threshold. A short nucleation burst then partially relieves the 

supersaturation. As long as the precursors are consumed, the 

concentration condition is not satisfied to form new nuclei. After the 

injection, the temperature was adjusted to 250 ⁰C for nucleus growth 

during 20 min and a change in the color of the solution to red was 

observed. In this stage, the small nanocrystal with a high surface energy 

will dissolve and the material is redeposited on the larger nanocrystals. 

This is because during the growth temperature, at which the nucleation 

is much less favorable, the growth step of the existing cores in a slower 

process occurs. The average crystal size increases (from blue to red 

color) and the size distribution become narrower over time. 

 

(ii) Synthesis of the shell (CdSe/ZnS) 

To obtain the ZnS shell on the CdSe, 1.5 mL of a solution of Zn/S/TOP 

(1.75 g of diethylzinc solution, ZnEt2 in 1 M of hexane, 0.26 mL of 

bis(trimethylsilyl)sulfide, (TMSi)2S), and 10.25mL of TOP) was added 

dropwise to the mixture under vigorous stirring. The mixture was kept 

to 90 ⁰C for 4 h to improve the crystallinity of ZnS shell. After cooling the 

solution down to room temperature, the QDs were diluted with 10 mL 

of anhydrous chloroform as solvent. 

The overcoating of the core of QDs with a ZnS shell not only improves 

the features of the core in terms of photostability, quantum yield or 

photooxidation but also reduces toxicity implicated with free radical 

production or release of free cadmium. It is important to emphasize that 

the toxicity of shell or capped particles, the degradation of the shell or 

capping material, is very important from analytical point of view. 
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II.1.3. Purification of the QDs nanocrystals 

In order to eliminate the excess of reagents from the synthesis 

procedure, it was necessary a step of purificacion. For this purpose, the 

CdSe/ZnS in chloroform coating with TOPO/TOP ligands were 

precipited by adding 10 mL of methanol to 10 mL of the QD solution in 

chloroform. The mixture was sonicated for 5 min and the resulting QDs 

precipitated were collected by ultracentrifugation (at 13000 rpm) for 15 

min and redisolved in 10 mL of chloroform. This step was repeated four 

times (optimal value). Finally, the purified CdSe/ZnS QD nanocrystals 

were dispersed in 10 mL of anhydrous chloroform. 

II.1.4. Storage conditions of CdSe/ZnS QDs 

As it is well known, QDs are sensitive nanocrystal depends from the 

light, the environment and the temperature, among others. In this way, 

in order to achieve proper storage conditions of CdSe/ZnS nanocrystals, 

differents storage conditions (QDs at room temperature, at 4 ⁰C, in 

ambient light or in darkness) were studied. From the results obtained, it 

was concluded that the best storage conditions were at room 

temperature and protected from the light. The QDs obtained can 

conserve for more of one year without lost in the quality properties as 

despite Figure II.4. 
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Figure	II.4.	Fluorescence	(A)	and	absorbance	(B)	spectra	of	CdSeZnS	QDs	fresh	(i),	

after	one	(ii)	and	two	years	(iii).	
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based on the exchange of the hydrophobic surfactant molecules, such as 

TOPO/TOP, with bi-functional molecules, which are hydrophylic on one 

side and hydrophobic the other. Therefore, on one side bind to the ZnS 

shell of QDs, and the other provides free reactive surface groups and the 

compatibility with the aqueous phase [7]. In this way, the most often 

applied molecules are molecules containing thiol groups (-SH). The 

advantage of this strategy is only leading to a small increase in 

hydrodynamic diameter of QDs due to the introduction of a thin 

coating. However, as disadvantage, the stability of the thin ligand shell 

is often influenced by local environment (pH, salt concentration, etc). On 

the other hand, surface silanization involves the growth of a silica shell 

around the nanocrystal. The incorporation of silica shells provides high 

photostability due to the highly cross-linked. However, as disadvantage, 

the process is laborious and the shell may be easily hydrolysed in some 

medium [8, 9]. Finally, the phase transfer method uses amphiphylic 

polymers to coat the QDs surface [10-12]. The hydrophobic alkyl chains 

of the polymer interdigitate with the alkyl groups on the QDs surface 

while the hydrophylic groups orientate outwards to attain water 

solubility. However, as disalvantage, the coating with a polymer may 

increase the overall diameter of the QDs and this may reduce emission 

and limits their use for biological applications [13].  

In order to use colloidal CdSe/ZnS QDs with analytical purposes, as 

show Figure II.6, two different strategies for the solubilization and 

modification of QDs surface are described in detail in this chapter. The 

first approach was based on the use of microwave (MW) irradiation as 

strategy for the solubilization of QDs by a ligand-exchange method. The 

coating ligands used for that purpose were molecules containing thiol 

groups (L-cysteine, Cysteamine and 3-mercaptopropionic acid). The 

main innovation of this work was based on the use of colloidal QDs that 

allows their conservation over extended periods of time and a faster and 

simpler solubilization and modification of QDs surface providing 

different free reactive surface groups for a possible binding and 
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labelling agents. CdSe/ZnS QDs are probably the most successful type of 

quantum dots that have been developed and remained the best available 

for analytical and biological applications. These QDs are highly 

fluorescent in the visible spectrum, and the ZnS shell enhances their 

chemical and photostability. Several methodologies to synthesize high-

quality colloidal QDs have been investigated and colloidal chemistry is 

mostly used for the synthesis of QDs for (bio) analytical chemistry 

applications. QDs obtained with other approaches are widely used in 

optoelectronics (lasers, infrared photodetectors) and nanotechnology. 

The QDs used for analytical purposes are mainly synthesized in organic 

media at high temperatures and protected with hydrophobic capping 

agents such as trioctylphosphine oxide (TOPO) and using, in many 

cases, the procedures described by Peng et al. [1] and Song et al. [14]. 

However, many applications in biological and (bio) analytical systems 

require QDs to be water-soluble. In response, several methods for 

obtaining aqueous CdSe/ZnS nanoparticles using ligands molecules as 

11-mercaptoundecanoic acid (MUA) [15], mercaptopropionic acid 

(MPA) [16, 17], mercaptoacetic acid (MAA) [18], mercaptosuccinic acid 

(MSA) [18], dihydrolipoic acid (DHLA) [18], polymethylmethacrylate 

(PMMA) [19], polymaleic acid n-hexadecanol ester (PMAH) [20], L-

arginine [21], creatinine [22], etc. have been developed. For this purpose, 

the preparation of bright water-soluble CdSe/ZnS QDs and their 

stabilization have been investigated using incubation, ultrasound or 

heating procedure [16-20, 9, 22], but always involving long time 

consuming and several experimental steps. In addition, it is well know 

that the stability of QDs in non-polar organic solvents is better than in 

aqueous media [23]. As a result, the procedure of organic synthesis and 

capping followed by surface modification has been the preferred route 

to obtain highly fluorescent water-soluble QDs. 

Microwave irradiation (MW), which is environmentally friendly and 

energy-saving, can provide uniform nucleation and growth conditions 

of QDs. It can greatly shorten the reaction time and enhance 
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fluorescence intensity in the preparation of them. The use of MW 

heating has been used to accelerate chemical reaction in the non aqueous 

synthesis of QDs (microwave-assisted heating method) [24] and the 

direct synthesis of aqueous QDs [25]. Less effort has been paid in the use 

of MW for water solubilizing the QDs, which could be very interesting 

for many applications. In this case, we used MW heating in order to 

simplify and accelerate the water solubilization procedure of CdSe/ZnS 

QDs with three different molecules containing thiol groups such as L-

cysteine (L-Cys), cysteamine (CTAM) and 3-mercaptopropionic acid (3-

MPA). The proposed method was based on the water solubilization of 

the initially insoluble CdSe/ZnS nanocrystals by replacing the initial 

hydrophobic surfactants (TOPO and TOP) with the different hydrophilic 

thiol ligands, L-Cys, 3-MPA and CTAM. This method allows the 

conservation of QDs in organic media, which ensures their stability over 

extended periods of time and the rapid solubilization of the necessary 

amount of QDs only. Furthermore, this method allows the surface 

modification of the QDs with different ligands, playing an important 

role in their subsequent utilization. The advantages of this technology 

include not only faster reaction times, but also higher yields, cleaner 

reactions, high reaction control, reproducibility and good quantum 

yields of the obtained nanoparticles. 

 

Influence of experimental parameters in the solubilization procedure of 

CdSe/ZnS QDs with different thiol ligands 

The CdSe/ZnS nanoparticles used in this work were synthesized in 

organic solvent according to a modified process reported by Peng et al. 

[1], as section II.1.2 describes. After, this nanoparticles were purified 

following the steps describes in section II.1.3. The tipical UV-vis 

absorption and fluorescence spectra of synthesized CdSe/ZnS 

nanoparticles showed a first absorption maximum at 555 ± 1 nm and a 

fluorescence emission maximum at 590 ± 2 nm ( ex = 350 nm). In 
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investigated in order to obtain the maximum quantum efficiency of the 

water-soluble QDs and good stability in aqueous medium. 

Before using the solubilization procedure, it was necessary to purify 

synthesized QDs by removing the residual TOPO/TOP molecules of the 

QD surface. They were totally eliminated by four consecutive washing 

steps with methanol. On the other hand, it was found that it was 

convenient to carry out the reaction in a vessel made of a hydrophobic 

material (e.g. polypropylene), because the hydrophilic QDs (3-MPA, 

CTAM and L-Cys modified QDs) can then be easily transferred [16].  

The effect of pH in the solubilization procedure of CdSe/ZnS QDs/thiol 

ligand was evaluated. To examine this effect, the solubilization 

procedure was carried out at different pH values maintain constant a 

buffer concentration of 0.1 M. Their photoluminescence spectra were 

monitored. It was found that CdSe/ZnS QDs/thiol ligand were strongly 

affected by the pH. When L-Cys and 3-MPA ligands were used, a 

similar behaviour was obtained. Thus, in both cases, a strong fluorescent 

intensity around 590 nm was observed at pH = 8, while for higher and 

lower pH values did not exhibit appreciable photoluminescence. For 

CTAM ligand, maximum fluorescent intensity at pH 8 was observed, 

but in this case the signal was gradually reduced with the increase of the 

pH. The influence of pH is coherent with the protonotation 

/deprotonation of thiol groups existing on the QDs surface. The 

predominance of protonated forms by decreasing the pH resulted in 

weak fluorescence signals of thiol-QDs [26]. Therefore, a pH 8 was 

selected for the following studies with all the ensayed ligands (Figure 

II.8).  

On the other hand, the influence of concentration of buffer solution 

(fixed at pH = 8) in the fluorescence intensity of CdSe/ZnS QDs was also 

evaluated. It was found that concentration of buffer solution higher than 

0.1 M did not have a significant influence on the fluorescence signal. On 

the contrary, lower values slightly decrease the fluorescence intensity. 
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Similar behaviour was observed for all the thiol ligands studied. In this 

experiment, 0.1 M of buffer concentration was chosen.  
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Figure	II.8.	Effect	of	pH	over	fluorescence	spectrum	of	(A)	3-MPA,	(B)	L-Cys	and	

(C)	CTAM	modified	CdSe/ZnS	QDs.	
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For determining the optimal concentration of ligand, the solubilization 

procedure using different concentrations of thiol ligands between 0.5 

and 15 mM was carried out, maintaining constant a volume of 1.2 mL. 

All the other reaction conditions were kept constant. It was observed 

that when the concentration of ligand was increased, the fluorescence 

intensity sharply declined. It was reported that the excess of ligand 

molecules can be responsible for quenching the photoluminescence of 

QDs in aqueous media [15, 16]. Therefore, in this case, 1 mM 

concentration of ligand solution was selected for the following studies in 

all the assayed ligands. 

In this case, all the experimental strategies for solubilizing the CdSe/ZnS 

QDs involved microwave irradiation. The use of MW heating has been 

used to accelerate chemical reaction in the synthesis of QDs [24, 25, 27]. 

In this work, it was used for the first time for solubilizing the CdSe/ZnS 

QDs. The advantages of this technology include not only faster reaction 

time, but also higher production yields, cleaner reactions, better 

controllability and reproducibility. 

In order to know the effect of the microwave oven exposition time (1550 

W) in the solubilization procedure of QDs, a set of experiments were 

performed. After driying 0.1 mL of CdSe/ZnS QDs in chloroform 

solution with nitrogen, the resulting dried QDs were redispersed in 1.2 

mL of each of studied thiol-ligand solution (1 mM, pH = 8). These 

suspensions were irradiated during several times at 1550 W (between 30 

and 60 seconds) with MW irradiation. Fluorescence spectra of these 

solutions were recorded and the fluorescence intensity at 590 nm was 

plotted against exposition time of oven MW (Figure II.9) using 3-MPA, 

L-Cys and CTAM as ligands. It was observed, for all the studied ligands, 

that fluorescence spectrum obtained of QDs presents the same shape 

with a maximum at 590 nm. The maximum of fluorescence intensities 

was obtained when the exposition time of MW oven was 40 s. It was 
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observed that higher values of time significantly decreased the signal, 

especially when L-Cys was used. This fact indicates that only 40 s of 

MW irradiation time produced the solubilization of CdSe/ZnS QDs with 

high quantum photoluminescence yields. The use of MW heating 

accelerates ligand-exchange reaction in this procedure. In addition, 

irradiation microwave could induce the surface reconstruction of the 

surface atoms of the nanocrystal, which promotes the enhancement of 

the nanocrystal luminiscence. 
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Figure	II.9.	Evolution	of	fluorescence	intensity	with	MW	irradiation	time	using	3-

MPA,	L-Cys	and	CTAM	as	modified	ligands.	

	

The photoactivation phenomenon, also known as photoenhancement or 

photobrightening, is the luminescence enhacement produced when QDs 

are irradiated with light. Several authors demonstrated that exposure of 

colloidal QDs after synthesis or further functionalization, to UV or 

visible light, results in an important increase of the nanoparticles 

photoluminescence [23]. Also, frequently, photoactivation process is 

aimed at removing of topological surface defects in the QDs eventually 

originated during the synthesis processes and several mechanisms have 

been proposed. Therefore, the photoactivation and photostability of the 
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prepared QDs-thiol ligands was also evaluated. For this purpose, 

aliquots of CdSe/ZnS QDs were solubilized with studied ligands using 

the procedure described before. After solubilization, ones were exposed 

to ambient light during several intervals of time and others were 

protected of ambient light. In all cases the fluorescence intensity at 590 

nm were recorded. It was found that the fluorescence emission in the 

exposed QDs to ambient light fluctuates to 30 min of exposure, after this 

time, the signal was constant (Figure II.10). However, the fluorescence 

intensity of QDs protected of ambient light were very smaller and 

unstable for all time tested. Therefore, it can be concluded that the 

photoactivation process of the QDs is very important and neccesary to 

obtain photostable water-soluble QDs. In our case this time was 30 min 

and the prepared QDs-thiol ligands solution were photostable for long 

time.  
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Figure	 II.10.	 Evolution	 of	 fluorescence	 intensity	 of	 the	water-soluble	 QDs	 using	

cisteamine,	L-cysteine	and	3-mercaptopropionic	acid	as	ligand	with	the	time.	

 

The photochemical stability of obtained water-soluble QDs was also 

studied. It can be concluded that their fluorescence intensity was 

constant at least one day, previous photoactivation; after this time the 

signal was decreased probably due to possible phenomenon of 
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photodegradation [23] of water-soluble QDs. This fact demonstrates 

other advantage of the proposed methodology in this work; as it is the 

conservation of QDs in organic media during long time and water 

solubilizing only the necessary amounts of QDs in a quickly and simple 

way. Reaction yields (RY) of water solubilization of QDs have also been 

studied. Experimental results supported that the RY was about 83% 

when 3-MPA and L-Cys were used and about 53% when CTAM was 

used. 

The precision of the proposed methodology for the modification of QDs 

with the different thiol ligands was evaluated in terms of repeatability 

and reproducibility. The repeatability, expressed as relative standard 

deviation, was established for eigth fluorescence measurements of 250 

mg L-1 of 3-MPA, L-Cys or CTAM modified QDs, obtaining a RSD value 

of 2.2%, 3.1% and 3.6% for 3-MPA, L-Cys and CTAM, as coating ligands, 

respectively. Then, this experiment was repeated in different replicates 

(n = 3) for estimating the reproducibility, obtaining a RSD value of 

10.5%, 4.0% and 5.1% for 3-MPA, L-Cys and CTAM, respectively. 

According to these results, it can be concluded that the proposed 

approach for the modification of QDs with different thiol ligands is 

reproducible and provides stable water-soluble CdSe/ZnS QDs. The 

steps of optimal solubilization procedure of thiol modified CdSe/ZnS 

QDs are summarized in Figure I.6 and also detailed in section I.3.2. 

The resulting thiol modified CdSe/ZnS QDs thus obtained were highly 

fluorescent and stable. Figure II.11A shows the fluorescence emission 

spectrum of 3-MPA, L-Cys and CTAM modified CdSe/ZnS QDs in 

phosphate buffer at pH 8. As it can be seen the maximum emission band 

around 590 ± 2 nm ( exc = 350 nm) were obtained in all cases. The band 

width of the fluorescence spectrum was relatively narrow (with the 

fullwidth at half-aximum of 40 ± 2 nm), showing that the as-prepared 

thiol groups-QDs were nearly monodisperse and homogeneous. On the 

other hand, the UV/vis spectrum of 3-MPA, L-Cys and CTAM modified 
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CdSe/ZnS QDs was also ilustrated in Figure II.11B. As it can be seen, a 

long-wavelength maximum of the absoption spectrum at 557 ± 2 nm 

was observed. 
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Figure	II.11.	Emission	(A)	and	absorption	(B)	spectra	of	TOPO–CdSe/ZnS-QDs,	3-
MPA-CdSe/ZnS-QDs,	L-Cys-CdSe/ZnS-QDs	and	CTAM-CdSe/ZnS-QDs.	

 

II.2.2. Cyclodextrin ligands 

Cyclodextrins (CDs) are cyclic receptors consisting of different glucose 

units linked one to another by 1–4 glycoside bonds. Depending of the 

number of glucose units, it can find different sizes of CDs (Figure II.12). 
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a chemical procedure based on the formation of a host-guest complex 

between the passivized ligand (TOPO) and n-CD by hydrophobic 

interaction (Figure II.13). In order to obtain the optimal conditions in the 

modification procedure, several parameters were studied. 

The effect of solvent reaction on the fluorescence intensity and stability 

of QDs was tested using absolute ethanol, anhydrous methanol and 

acetonitrile. Figure II.14 shows the effect of these solvents using β-CD-

CdSe/ZnS-QDs. It was found that fluorescence intensity of n-CD-

CdSe/ZnS-QDs when it was used acetonitrile as a reaction solvent was 

slightly higher than when ethanol or methanol were used. Therefore, 

this solvent was used for further experiments.  
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Figure	II.14.	Effect	of	solvent	reaction	using	ethanol,	methanol	and	acetonitrile.	

 

The effect of concentration of n-CD was also studied. For this purpose, 

the concentration of n-CD was varied between 0.5 and 4.5 mM, 

maintaining constant the other parameters. It was observed that the 

complexation of TOPO with n-CD is essential to produce the 

solubilization of CdSe/ZnS QDs in an aqueous medium. When the 

concentration of n-CD is too low, only small portions of TOPO 
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molecules on the surface of CdSe/ZnS QDs are able to form complexes 

with n-CDs, which is not enough to give a hydrophilic property to the 

nanoparticles, and hence to produce their stabilization in the aqueous 

phase. At relatively high concentrations of n-CD, substantial amounts of 

TOPO molecules are able to form host-guest complexes with n-CD, 

which led to an increase in the stability of the QDs in the hydrophilic 

media. However, when the dosage of n-CD is very high, although phase 

transfer was efficiently achieved, the resulting complex was found to be 

unstable in water, and the n-CD excess could mask the determination of 

the analyte. Therefore, 1.6 mM of n-CD was chosen for further 

experiments (Figure II.15).  

The effect of reaction time was an important parameter to be considered 

in order to know the time required for a completely modification of 

QDs. For this purpose, a set of time-dependent experiments were 

performed by exposing the reaction of modification of QDs at several 

times between 15 and 180 min to ultrasonic irradiation (US) (Figure 

II.16). It was found only an insignificant increase in the fluorescence 

intensity up to 45 min of US. Therefore, 45 min of ultrasonic irradiation 

was considerer as the best result for the modification of QDs with n-CD. 
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Figure	II.15.	Effect	of	cyclodextrin	dosage	in	the	QDs	modification	process.	
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Figure	II.16.	Effect	of	reaction	time	at	15	(1),	30	(2),	45	(3)	and	180	(4)	min	(C)	to	

ultrasonic	irradiation	in	the	QDs	surface	modification	with	β-CD.	

 

The stability of n-CD modified CdSe/ZnS QDs was also studied by 

measurements of fluorescence intensity of n-CD modified QDs for 

several days. It was found that the modification kept stability the 

fluorescence emission of n-CD modified QDs for at least 15 days. After 

this time, a slightly displacement in the maximum emission wavelength 

was observed. Therefore, it was concluded that the modification of QDs 

with n-CD can be used in the first 15 days without modification of both 

the fluorescence intensity and the maximum emission wavelength.  

The precision of the proposed methodology for the modification of QDs 

with cyclodextrins, expressed as relative standard deviation, was 

determined in terms of repeatability and reproducibility. The 

repeatability was stablished for ten fluorescence measurements of a β-

CD-QDs solution obtaining a RSD value of 1.2 %. Then, this experiment 

was repeated between days (n = 7) for estimating the reproducibility, 

obtaining a RSD value of 4.9%. According to these results, it can be 

concluded that this approach for the modification of QDs with cyclic 

ligands, in this case cyclodextrins, allows the preparation of 

reproducible and stable water-soluble CdSe/ZnS QDs. 
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Under the optimal conditions, the modification procedure of CdSe/ZnS 

QDs with the different n-CD was carried out following the steps detailed 

in Section I.3 (Figure I.7). 

The resulting n-CD-CdSe/ZnS-QDs thus obtained were highly 

fluorescent and stable. Figure II.17A shows the emission spectra of n-

CD-CdSe/ZnS-QDs in water and TOPO-CdSe/ZnS-QDs in chloroform.  
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Figure	II.17.	Emission	(A)	and	absorption	(B)	spectra	of	TOPO-CdSe/ZnS-QDs,	α-
CD-CdSe/ZnS-QDs,	β-CD-CdSe/ZnS-QDs	and	γ-CD-CdSe/ZnS-QDs.	
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As it can be seen, a maximum emission band around 590 nm ( exc = 450 

nm) were obtained in all cases. The line width of the fluorescence 

spectrum is relatively narrow (with the full width at half-aximum of 44 

nm), indicating that the n-CD-CdSe/ZnS-QDs nanoparticles have a 

narrow size distribution. In comparison to TOPO-CdSe/ZnS QDs in 

chloroform, n-CDCdSe/ZnS-QDs increased the fluorescence intensity. 

The UV/vis spectrum of TOPO-CdSe/ZnS-QDs and n-CD-CdSe/ZnS-

QDs are also ilustrated in Figure II.17B. As it can be seen, absorption 

bands at ca. 255 and ca. 585 nm were obtained in all cases. 

 

II.3. Characterization of CdSe/ZnS QDs 

Synthesis of nanoparticles is a potential area of research where the sizes 

and the shapes of them are important factors that determine their 

physical and chemical properties. Due to the difficulty in obtaining 

monodispersity nanoparticles as well as the desired shape and size, the 

development of new procedures of synthesis is more needed. Therefore, 

there is an important challenge in the development of methodologies 

that allow the proper characterization of the nanoparticles [37].  

From an analytical point of view, it is also important to take into account 

that the ligands, as coating agents of QDs, might play an important role 

in both the quality and the optical properties of nanocrystals. Many 

contributions have been reported in this way. Therefore, this part of the 

Chapter describes and discusses the experimental techniques employed 

for the characterization of QDs used in this Thesis. 

As it is well known, luminescent semiconductor QDs are a kind of 

inorganic nanoparticles that have received a special attention in the last 

years owing to their unique optical, electronic and photophysical 

properties [38-45]. They can be made from a wide variety of material; the 

most common QDs are the binary semiconductor materials containing 
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the II-IV elements. One of QDs most commonly used for several 

purposes are QDs type CdSe core without and with ZnS shell. In this 

case, the colloidal chemistry route has become the most used process for 

the synthesis of these QDs. This route allows not only more 

monodisperse nanocrystal and better quality, but also with a lower 

density of surface defects and, therefore, a higher fluorescent quantum 

yield. On the other hand, the solvent selection is crucial at various levels 

as it determines not only the nanocrystal synthesis and solubility 

conditions but also their further chemical functionality and applicability 

[46-48]. In addition, it is important to take in account that many of 

applications that involve the use of QDs need to scale-up the production 

of water-soluble and biocompatible QDs. In this way, hydrophobic QDs 

can be made water-soluble by several methods, most of which rely on 

the surface-exchange of hydrophobic surfactant molecules for 

hydrophilic ligands as thiol, cyclic, polymers, among others [47, 51-53]. 

However, for the corresponding applications, it is necessary to take into 

account that the modification of the QDs surface by different ligands 

could drastically change the initial properties of colloidal QDs. In this 

context it could change the total QDs size, quantum yield, 

bioavailability, chemical or photochemical stability, among other 

properties. Although the morphology of the material is maintained, by 

simply varying the number of atoms in each quantum dots, the 

quantum efficiency can be affected in many cases [54-56]. In addition, 

the interaction of quantum dots with their environment plays a crucial 

role in determining their luminescent properties. Therefore, for 

understanding how ligands and solvent environments affect in the 

water-phase preparation process, as well as to the optical properties of 

QDs, different characterization techniques have been employed. Among 

the most employed techniques are microscopic, spectroscopic and 

electrochemical ones. In addition, from an analytical point of view, 

several separation techniques focused to the own QDs are being used for 

knowing the size distribution or charge, among others properties. 
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Therefore, two different approaches are considered. The goal of the first 

approach is the proper determination-quantification of QDs, consider as 

target molecules; and the second approach is related with the physical-

chemical QDs characterization, in terms of composition, morphology, 

size, ligand layer on the surface, among others.  

In view of the microscopic techniques, electron microscopy is one of the 

most employed tools for the characterization of the shape and size 

distribution of nanoparticles. Transmission electron microscopy has the 

drawback of expending a lot of time for each analysis, in order to assure 

sample representativeness. In addition, the possible alteration of 

particles during the sample preparacion by aggregation of nanoparticles 

or by radiation damage, it makes difficult the analysis of individual 

nanoparticles, as well as the uncertainty due to the human subjectivity 

implied, in terms of deciding in which part of the grid measurements are 

applied [57]. Moreover, the understanding of the chemistry of QDs 

surface modifications in solution is not possible using this technique. 

The influence of ligand exchange in the optical properties of the QDs 

may be measured by spectroscopic techniques. Spectral changes in the 

absorption and emission spectrum of the QDs can be also caused by 

changes in the environment of ligand or solvent composition and they 

are detectable by spectroscopic methods (UV-visible and 

photoluminescence spectroscopy). These spectroscopic techniques are 

relatively simple and inexpensive techniques, providing a direct 

information about a number of important parameters of QDs. They are 

the most employed techniques and provide other useful information 

such as the size, concentration, quantum efficiency, monodispersity, or 

presence of surface defects. Despite the fact that other sophisticated 

techniques provide valuable information, in many cases, it is not so 

necessary for analytical purposes and, therefore, simple techniques 

could be enough.  

On the other hand, from an analytical point of view, CE has emerged as 



144                            

 

Synthesis, modification and analytical uses of CdSe/ZnS QDs 

a useful and potentially fast characterization technique for the 

investigation of nanoparticles, due to their surface charges, and hence 

their separation behavior is similar to that of charged molecular species 

in CZE. Their potential as characterization technique is due to the 

valuable information about the chemistry on the QDs surface and the 

size dispersion with a low consumption of sample and reagents. 

Therefore, this work was motivated by the importance of the surface 

modification with different ligands and surrounding environment of 

QDs in their optical properties in terms of their possible subsequent 

applications. In response, here the spectral features of QDs with several 

ligands and surrounding environment have been studied, in order to 

know which parameters could be affected for a particular application. 

On the other hand, the QDs charge also plays a crucial role for their 

subsequently analytical applications. Therefore, the prediction of the 

surface charge and the size distribution of QDs have also been studied 

by CE. 

 

II.3.1. Characterization of QDs by spectroscopic techniques 

Absorbance and fluorescence based methods were used for optical 

characterization of colloidal QDs in different environmental solvents 

and modified QDs surface with different ligands as coating agents in 

aqueous medium. Ligands used for the modification of QDs surface 

including compounds containing thiol groups and cyclic compounds 

based on different glucose units (different sizes of CDs). 
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Influence of environment solvents on the optical properties of CdSe/ZnS QDs 

Different concentrations of purified CdSe/ZnS QDs synthetized using a 

modified method reported by Peng et. al [1] were dispersed in different 

solvents and absorption and photoluminescence emission spectra were 

recorded. 

Figure II.18A shows the absorption spectra of CdSe/ZnS QDs at 

different concentrations ranging from 75 to 500 mg L-1 of QDs in 

chloroform. It shows two absorption humps, one at 420 nm and another 

at 575 nm. It also shows a high absorbance in the UV region, increasing 

the optical density when the concentration was increased. In addition, 

absorption spectra of 75 mg L-1 of CdSe/ZnS dispersed in hexane, 

ethanol and chloroform are shown in Figure II.18B. As it can be seen, 

when CdSe/ZnS QDs were dispersed in different solvents, the same 

spectral profile (with the primary absorption band at 420 nm and 

secondary at 575 nm) were obtained. However, when ethanol was used 

as solvent, a reduction of the absorbance was observed. This fact 

indicates the importance of solvent selection for the dispersion of 

nanoparticles. The use of non-polar solvents improves the dispersion of 

nanoparticles, compared with polar solvents, as in this case ethanol. 

On the other hand, the fluorescence spectrum provides information 

about the emission wavelength, the size distribution, the presence of 

defects or traps on the surface and of course, the bandgap energy value. 

Figure II.19A shows the photoluminescence emission spectra (PLES) of 

CdSe/ZnS quantum dots, excited at 380 nm, in chloroform, ethanol and 

hexane at same concentration (250 mg L-1). As it can be seen, it presents a 

first emission band at 452 nm and a second emission band at 600 nm. It 

could be seen that the emission band at 600 nm was strongly 

pronounced in non-polar solvents and was less pronounced in 

intermediate and polar solvents as in this case, chloroform and ethanol.  

Different explanations/hypothesis have been found in the bibliography 
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to clarify these effects based on the use of different characterization 

techniques. 
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Figure	II.18.	Absorption	spectra	of	CdSe/ZnS	QDs	at	different	concentrations	from	

75	to	500	mg	L-1	in	chloroform	(A)	and	QDs		dispersed	in	different	solvents	(B).	

	

On the one hand, some authors reported that this fact is probably due to 

the strong interaction between QDs with polar solvents in excited state 

[58]. To justify this effect, the authors showed that the CdSe/ZnS QDs, in 

organic solvents, exhibits two bands from the photoluminescence 

spectrum.  For CdSe/ZnS QDs in polar solvents, the emission peak 



 Synthesis, modification and characterization of CdSe/ZnS QDs 

 

147 

around 452 nm was attributed to the dipole-dipole interaction between 

the solvent surrounds and shell (ZnS) in excited state. In the same way, 

in non-polar solvents the emission peak at 452 nm was strong for 

CdSe/ZnS capped with TOPO. In this case it was justified by the strong 

interaction between the solvent species and the quantum dots.  
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Figure	 II.19.	Fluorescence	 emission	 spectra	 of	 CdSe/ZnS	QDs	 in	 chloroform,	 ethanol	 and	

hexane,	excited	at	380	nm	(A)	and	480	nm	(B).	

 

In addition, the same authors also reported that the fluorescence 

spectrum of CdSe (core alone) showed only one emission band at 550 
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nm (for 3 nm of size) and there were not detected traces of emission 

signal at 375 nm [46]. Similarly, the fluorescence spectrum of ZnS (shell 

alone) showed that there was only one emission band at 375 nm and 

there was not other emission band at 550 nm. The emission bands at 375 

nm and 550 nm were attributed to the shell (ZnS) and core (CdSe), 

respectively. This fact suggested the same profile for the CdSe/ZnS QDs 

obtained in this Thesis. Therefore, in this case the emission bands at 452 

nm and 600 nm can be also attributed to the shell (ZnS) and core (CdSe), 

respectively. 

However, other interesting and very different approach to justify this 

effect has also been reported recently [59]. In this work, elemental ratios 

for characterization of QDs populations in complex mixtures by 

asymmetrical flow field-flow fractionation (AF4) on-line coupled to 

fluorescence and inductively coupled plasma mass spectrometry was 

used. The authors proposed that AF4 offers very valuable additional 

information to that of the conventional bulk spectrophotometric 

techniques used for characterizing nanoparticle populations. In fact, they 

suggested that these techniques could lead to the wrong conclusion. In 

this context, the aim of this work was to characterize chemically the 

composition of QDs obtained from different synthetic strategies. For this 

purpose, two different ways for the preparation of CdSe/ZnS QDs were 

used. In addition, the QDs prepared from one of the ways was analyzed 

after and before a purification step. In both cases, the presence of a 

secondary band on the fluorescence spectrum was attributed to the 

presence of impurities generated during the synthesis of such QDs.  

However, it was found that the secondary band decreased after a step of 

purification of QDs sample. The results found from elemental MS 

fractogram revealed that the second major peak corresponded to CdS 

nanoparticles [59]. As it has been reported in bibliography [60], CdS 

nanoparticles have smaller size than the CdSe/ZnS QDs and an intense 

fluorescence emission at about 450 nm. These data also correspond with 

the secondary band obtained for the CdSe/ZnS QDs synthesized in this 



 Synthesis, modification and characterization of CdSe/ZnS QDs 

 

149 

Thesis. Therefore, it is possible that the procedure of purification was not 

efficient enough to get rid of unknown species as they could have 

similar size to the sought NPs [59].  

On the other hand, from the QDs prepared by using the second way, it 

was found a strong maximum fluorescenct emission at 450 nm in the 

fractogram. In this case, the elemental composition revealed that it was 

almost exclusively made of Zn. From these results could be also 

explained the presence of a secondary emission band at 452 nm due to 

the releasing from the QDs outer shell (ZnS). 

Moreover, FWHM parameter provides information about the sizes 

distribution. In consequence, the homogeneity of nanocrystals in 

solution, as well as the formation of possible aggregations are also 

provided. In this way, high FWHM values (high emission peak width) 

means less monodispersity of nanocrystal, as QDs size distribution 

generates a series of individual fluorescence emissions and, therefore, is 

shown as a Gaussian distribution. Therefore, the FWHM of QDs-TOPO 

in different solvents was also determined. In this case, a 40 nm value 

was obtained for QDs in all organic solvents studied without changes on 

FWHM. Therefore, aggregations were not observed in fresh solutions.  

In order to test that the changes in the excitation wavelength do not 

modify the fluorescent emission peak of QDs, one of the inherent 

properties of quantum dots, different wavelengths of excitation were 

applied. For this purpose, the PLES of CdSe/ZnS in chloroform, ethanol 

and hexane at 250 mg L-1 concentration were obtained under other 

wavelengths of excitation (480 nm). In agreement with the bibliography 

(Figure II.19B), in all cases the same spectral profile, despite the slightly 

different intensity (with the primary emission band at 452 nm and 

secondary emission at 600 nm), was obtained.  

On the other hand, in order to know the excitation wavelength 

producing the maximum intensity value of QDs in chloroform, 

excitation spectra of CdSe/ZnS QDs were also recorded between 300 and 
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550 nm at a 600 nm of emission wavelength (Figure II.20). As it can be 

seen, maximum intensity emission values between 400 to 470 nm were 

obtained. In addition, similar excitation spectra profiles were obtained 

for QDs dispersed in hexane and ethanol, with maximum emission 

values between 400 to 470 nm. 
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Figure	II.20.	Excitation	(λem	=	600	nm)	and	emission	spectra	of	CdSe/ZnS	QDs	in	

chloroform.	

 

By analyzing the spectral absorption curves and applying empirical 

equation for this type of QDs [57], it can be estimated the theoretical 

diameter of synthetized CdSe/ZnS QD in solution, following the empiric 

equation: 

 

where D is the diameter of the nanocrystals (nm) and  is the 

wavelength of maximum absorbance corresponding to the first excitonic 

absorption peak of the crystal. The expression only takes into account 

the core of the nanocrystal. However, the ZnS shell of the nanocrystal 

absorbes at more high energy, and hence the empirical equation could 

also be valid in core-shell nanocrystals. An average of particle size of 3.6 
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nm was obtained for purified CdSe/ZnS quantum dots nanocrystals in 

chloroform, ethanol and hexane. 

The solvent environment of QDs not only change the properties of 

solvent-shell interaction, but also the quantum efficiency of 

photoluminescence [46]. The photoluminescence quantum efficiency or 

yield (QY) can be calculated by using the photoluminescence emission 

and a reference standard of known value of QY by using the following 

empirical equation: 

 

where I is the integrated emission peak area, A is the absorbance at the 

excitation wavelength and n is the refractive index of the solvent. 

Fluorescein (QY: 0.925 ± 0.015) in sodium hydroxide solution was used 

as reference standard. The QYs were 0.65, 0.53 and 0.37 for QDs in 

hexane, chloroform and ethanol, respectively.The results it can be seen 

that quantum efficiencies are different depend to the surrounding 

environments solvent of QDs. The obtained QY in organic solvents were 

in agreement with the previous bibliography data and the QY increase 

in non-polar solvents versus polar solvents. 

Another important influence of solvents is the relative 

photoluminescence emission intensity at 600 ± 2 nm and 452 ± 2 nm 

bands, as a function of polarity (dielectric constant) of solvents [61]. The 

band intensity of QDs shell increased, probably due to the enhanced to 

interaction with the solvent species [58]. Figure II.21 is a plot of I600/I452 

versus the dielectric constant of solvents, in this case hexane, chloroform, 

ethanol and water. A linear fit was obtained showing a strong 

interaction between the shell and the polar solvent species.  



152                            

 

Synthesis, modification and analytical uses of CdSe/ZnS QDs 

0 20 40 60 80

0,5

1,0

1,5

2,0

2,5

3,0

3,5

 

 

I m
ax

/I m
in

Dielectric constant

water

Ethanol

Chloroform

Hexane

 

Figure	 II.21.	 Representation	 of	 I600/I452	 versus	 dielectric	 constant	 of	 different	

solvents.	

 

 

Influence of ligands on the optical properties of water-soluble CdSe/ZnS QDs 

The type of ligand modifying the QDs surface in aqueous media could 

also affect the relative photoluminescence emission intensity. The size, 

charge or terminal reactive groups, among others, could be contributing 

parameters in the fluorescence intensity. In this vein, the influence of 

different thiol ligands, such as L-Cys, 3-MPA, CTAM and different sizes 

of cyclodextrin ligands, such as α, γ and β-CDs, as coating agents of 

CdSe/ZnS QDs were also studied. The chemical structures of the 

different ligands used are shown in Figure II.22. For this purpose, the 

modified QDs with each ligand were synthetized according to 

previously procedures reported in the previous sections of this chapter 

(section II.1 and II.2) [47, 51].  

In the same way described in the previous section, absorption and PLES 

of modified QDs were recorded and spectral features were studied. 
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nm, for all the n-CDs modified QDs, and another at 557 ± 2 nm, 567 ± 2 

nm and 576 ± 2 nm for α, β and γ-CD, respectively, as Figure II.23B 

illustrates.  
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Figure	II.23.	Absoption	spectra	of	modified	QDs	with	thiol	(A)	and	cyclodextrin	(B)	

ligands.	

 

Similarly, the PLES of modified QDs with thiol and cyclodextrin ligands, 

excited at 380 nm, were also recorded. It was observed a first emission 

band at 437 ± 2 nm for 3-MPA and L-Cys and a broad emission band 

from 420 to 533 nm for CTAM; and a second emission band at 589, 596 



 Synthesis, modification and characterization of CdSe/ZnS QDs 

 

155 

and 600 nm when CTAM, L-Cys, and 3-MPA, respectively, were used as 

coating ligands (Figure II.24A).  
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Figure	II.24.	Fluorescence	emission	spectra	of	modified	CdSe/ZnS	QDs,	excited	at	

380	nm,	with	thiol	(A)	and	cyclodextrins	(B),	as	coating	ligands.	

	

In the case of modified QDs with different sizes of cyclodextrins the 

PLES shows that there were also two emission humps; a first emission 

band at 452 ± 2 nm, for all n-CDs, and a second emission band at 596 nm 

for α-CD and 598 nm for β and γ-CD as coating ligands (Figure II.24B). 

It can be seen that the emission band at 452 ± 2 nm was slightly shifted to 
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437 ± 2 nm and negligible in the case of thiol as modified agents. On the 

other hand, the emission band at 452 ± 2 nm is less pronounced in the 

case of cyclodextrins as modified agents. Taking into account the 

explanation provided in a previous report [46], a high protection of shell 

by ligands could result in a decrease of the secondary band at 452 nm. 

This fact could be due to a decreasement in the interaction between the 

QDs surface and the solvent. In addition, the maximum fluorescence 

emission peak shift and the fluorescence intensity could be related with 

the physicochemical states of the QDs surface atoms and, in 

consequence, the Cd2+ ions generated. A maximum wavelength emission 

peak shift to blue and enhancement of fluorescence intensity could be 

due to the formation of Cd2+ ions on the surface of QDs, reducing the 

average of size of initial nanocrystal. In this context, not significant 

differences in the maximum wavelength emission peak, when 

cyclodextrins were used as ligand coating, were observed. On the 

contrary, slightly differences in the maximum wavelength emission 

peak were observed when thiols were used as ligands. In this case, even 

slightly differences were observed in the obtained fluorescence intensity. 

Moreover, as it can be seen in Figure II.24A, the emission band intensity 

at around 452 nm is negligible with respect the emission band at around 

600 nm. To explain this effect it is taken into account that the size of thiol 

ligands studied is similar in all the cases. The difference between these 

thiol compounds is based on the end ionisable groups in each case. 

Higher photoluminescence intensity was observed when CTAM was 

used as modified ligand; with significantly increase of band intensity at 

around 452 nm and a higher maximum photoluminescence peak shift to 

blue. This result could be due to the formation of Cd2+ ions on the 

surface of QDs, reducing the average of size of initial nanocrystal and an 

incomplete binding of the CTAM ligands to QDs surface. Moreover, 

when L-Cys and 3-MPA were used as ligands, similar spectra were 

obtained; with a lower photoluminescence peak shift. In this case, the 

modification of QDs surface was mostly affected by L-Cys ligands. This 
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fact could suggest a better binding to the QDs surface with 3-MPA than 

with L-Cys as ligand. In addition, the difference in intensity value could 

be explained due to the terminal carbonyl group offering an additional 

quenching pathway. In the case of studied cyclodextrins as coating 

ligands, no significantly changes in the maximum photoluminescence 

peak of modified QDs were obtained. As it is well known, there are a 

solubility dependent of cyclodextrins in water. However, the solubility 

of the different sizes of cyclodextrins in water presents an irregular 

trend. In this way, it is has been reported that β-CD is at least nine times 

less soluble than the others CDs [62]. However, from the results 

obtained from the surface modification of QDs with the different sizes it 

could conclude that the highest photoluminescence intensity was 

obtained when β-CD was used as modified ligand; with the less 

maximum photoluminescence peak shift. On the other hand, similar 

photoluminescence intensity were observed when α and γ-CD were 

employed. This fact suggests that QDs surface could be less affected by 

the solubilisation procedure based on cyclodextrins as coating ligands. 

The FWHM of QDs capped with different ligands in water was also 

determined. A 43 ± 3 nm value was obtained for all studied ligands. 

Slightly changes on FWHM and maximum emission peak were 

observed, in comparison with initially QDs-TOPO in organic solvents. 

This fact could be explained by the modification process and, therefore, 

the higher probability of aggregation in aqueous media versus organic 

media. 

On the other hand, in order to know possible changes on the maximum 

photoluminescence emission peak of CdSe/ZnS QDs by exciting at other 

wavelengths, the photoluminescence emission spectra of modified QDs 

with different ligands, excited at 480 nm, were also recorded (Figure 

II.25). As it can be seen, the slightly differences on the maximum 

photoluminescence emission peak are in the same way that the obtained 

at 380 nm excitation wavelength with the different ligands.  
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Figure	II.25.	Fluorescence	emission	spectra	of	modified	CdSe/ZnS	QDs,	excited	at	

480	nm,	with	thiol	(A)	and	cyclodextrins	(B),	as	coating	ligands.	

 

The size of modified QDs with different ligands was also calculated. 

Values near to initial size of QDs in chloroform were obtained. 

However, slightly differences were observed on the average particle size 

when thiol ligands were used due to the slightly less values in the first 

excitonic peak. On the contrary, no significant changes were observed 

when different cyclodextrin ligands were used. This fact could be 

explained again by the type of modification process carried out for each 
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one. In the thiol ligand modification process the TOPO ligand on the 

surface of QDs is replaced by the thiol ligand by exchange ligand 

method. On the other hand, the cyclodextrin ligand modification process 

involves the interaction between the hydrophobic pockets of the 

cyclodextrin molecules with the aliphatic chains of the TOPO present on 

the nanoparticle surface from the QDs synthesis. As it has reported in 

bibliography [23], the ligand exchange reactions typically modify the 

physicochemical states of the QDs surface atoms and dramatically 

change various properties of QDs, including the resistance to oxidative 

dissolution process and coagulation/precipitation tendency. In these 

cases, the initial exciton peak in the absorption spectrum becomes less 

well-defined. In addition, the Cd2+ ions can be desorbed from the QDs 

surface causing a “blue” shift of the first exciton absorption peak of QDs 

and, in consequence, the reduction in their core size. 

However, from the results obtained, it can be seen that not all the thiol 

ligands affect at the same way in the absorbance spectrum and, 

therefore, the structure of each thiol ligand could play a role in the 

exchange reaction. On the contrary, no many explanations have been 

found in relation to the cyclodextrin ligand reaction with QDs. 

However, from the results obtained, it can be seen that the surface is less 

affected for the modification process and the cyclodextrin ligands could 

be play a crucial role in the protection of the surface QDs.  

The quantum efficiency of photoluminescence (QY) was also 

determined for modified QDs with different thiol and cyclodextrin as 

coating ligands. It was found that when thiol ligands were used as 

coating ligands, higher QYs values were obtained, versus the obtained 

values when cyclic ligands were used. This fact could be explained from 

the physicochemical states of the QDs surface atoms. An enhancement 

of fluorescence intensity could be due to the formation of Cd2+ ions on 

the surface of QDs, reducing the average of size of initial nanocrystal 

and even increasing their QY. 
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Table II.1 summarizes the spectroscopic properties and quantum yields 

of CdSe/ZnS QDs in different surrounding environments solvents and 

modified QDs with different thiol and cyclodextrin ligands. From these 

studies, it can be concluded that the solvents environment not only 

could change the properties of solvent-shell interaction, but also the 

quantum efficiency photoluminescence being this parameter greater in 

non-polar solvents. However, the same averages of particle sizes were 

obtained with all the studied solvents. Therefore it can be concluded that 

the surrounding environment media does not influence the possible 

aggregation processes of nanocrystals in fresh solutions. On the other 

hand, modified QDs with thiol and cyclodextrin ligands in aqueous 

medium not only change the quantum yield of QDs, compared with 

QDs dispersed in organic solvents, but also the kind of ligand on the 

QDs surface. Also, the kind of procedure carried out for the modification 

of QDs surface could also play an important role. 

 

Table	 II.1.	Spectral	parameters	and	QYs	 for	different	 surrounding	environments	

and	modified	QDs	with	different	thiol	and	cyclodextrin	ligands.	

Ligand / Solvent 

PARAMETER 

λem  
(nm) 

λabs  
(nm) 

Diameter 
(nm) 

FWHM 
(nm) 

QY  
(%) 

TOPO-QDs / hexane 600 575 3.7 40 65 
TOPO-QDs / chloroform 600 575 3.7 40 53 
TOPO-QDs / ethanol 600 575 3.7 40 37 
α-CD-QDs / water 596 557 3.2 46 7 
β-CD-QDs / water 598 567 3.4 45 13 
γ-CD-QDs / water 598 576 3.7 45 8 
3-MPA-QDs / water 600 570 3.5 43 28 
L-Cys-QDs / water 596 570 3.5 35 26 
CTAM-QDs / water 589 576 3.7 46 48 
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Photostability 

Photostability is a key factor in many fluorescence applications, one 

singular advantage of QDs. As it is well known, the stability of QDs in 

organic solvents is better than in aqueous media. As it has previous 

reported in bibliography [23], oxygen and water are involved in the 

reaction mechanism of QDs photocorrosion or photodegradation. In a 

non-polar solvent (chloroform, hexane or toluene) the dissolved 

concentration of both oxygen and water can be low, resulting in stable 

QDs. In addition, under inert atmosphere and in the dark, they are stable 

for years. On the other hand, it has also demonstrated that the 

aggregation of QDs in chloroform solution is reversible when dried with 

air. These observations seem to indicate that the “dry form” could be 

another way to store QDs without any loss of stability. This advantage is 

important in order to achieve the surface modification, by the previous 

methodologies proposed in this Thesis [47, 49, 51], with the possible 

minor change of the initial properties of QDs in chloroform. The studies 

reviewed suggest that QDs stability depends on several factors derived 

from the inherent physicochemical properties of QDs and 

environmental conditions. QDs size, charge, concentration, outer coating 

bioactivity (capping material and functional groups); and oxidative, 

photolytic and mechanical factors can determine QDs stability. 

In general, surface ligands and coatings have been shown to decrease 

QDs surface oxidation by limiting diffusion of oxygen to the surface, and 

thus, increase the stability of nanoparticles. However, as it is previously 

obtained, different coating strategies offer varying degrees of protection 

from surface oxidation. Therefore, it is also necessary to evaluate the 

effect of the stability of the surface modification of QDs with thiol and n-

cyclodextrin ligands. For this purpose, the photoluminescence intensity 

of different aliquots of modified QDs with each ligand was 

measurement in several days and protected from the light, when they 

were not in use. As it is previously showed and it has been described in 
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the different modification strategies of QDs surface (Figure II.7 and 

Figure II.13), the maximum photoluminescence peak shift with the time 

to blue wavelength and the visual appearance were necessary and 

important factors to take into account. This fact demonstrated that the 

surface oxidation through a variety of pathway (photocorrosion, 

photodegradation or oxidative dissolution) was occurring. Therefore, 

the formation of reduced Cd2+ ion on the QDs surface and the release of 

free cadmium ion in the medium solution were increased with the time. 

This fact demonstrated that the type of modification process and ligand 

are factors that limit the utility time of modified QDs. Therefore, these 

facts are important to be considered in order to know the bioavailability 

in different bioanalytical applications. 

 

II.3.2. Characterization of QDs by Capillary Electrophoresis 

As a second part of the characterization study of modified QDs with 

different thiol and cyclodextrin ligands, CE technique was also used in 

order to obtain the valuable information about the chemistry on the QDs 

surface and the size dispersion. In both approaches for surface 

modification of QDs, a hydrophilicity of QDs surface was obtained by 

charged groups (carboxylic acids, amines or hydroxilic groups). These 

ligands create a solubilization layer and strongly influence the 

hydrodynamic size of QDs along with their surface charge and mobility. 

As consequence, characterization of the QDs hydrodynamic size and 

surface charge is possible in order to control and optimize the chemistry 

of QDs surface; which is an important parameter, especially in a 

biological environment. 

CE has been recently employed in several works for characterizing 

quantum dots. In a recent bibliographic revision, M. Stanisavljevic et al 

discused the advantages of CE for QDs characterization and 
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summarized the CE methods and separation parameters applied for 

analysis of QDs and their bioconjugates [63]. Following this approach, 

and taking into account the separation parameters applied for analysis 

of QDs, electrophoretic separation of cyclodextrin and thiol modified 

CdSe/ZnS QDs was carried out by CZE mode in this work. Thiol and 

cyclodextrin modified QDs complexes generate charge on the 

nanoparticle surface (positive, negative or neutral charge). Therefore, it 

was assumed that the mechanism of separation of the different thiol and 

cyclodextrin modified CdSe/ZnS QDs was based on their differences in 

the charge-to-mass ratio.  

Firstly, in order to obtain the best electrophoretic conditions, some 

factors such as types and concentrations of the background electrolyte 

(BGE) or running buffer, pH, applied voltage or temperature are 

important to size distribution separation and charge of modified 

CdSe/ZnS QDs. These factors probably influence the separation of QDs 

as well, and need to be investigated and optimized under the 

experimental conditions. 

 

 

Cyclodextrin ligands 

The experimental conditions were initially studied using β-CD modified 

QDs in aqueous medium under the following CE conditions: voltage, 25 

kV; background electrolyte, phosphate buffer (100 mM, pH 8.0); 

hydrodynamic injection, 30 sec; temperature, 20ºC; capilar i.d., 75µm; l, 

60 cm; L, 65 cm. 

Buffer composition (BGE, or running buffer) was firstly studied. For this 

purpose, phosphate buffer at a concentration of 100 mmol L-1 was used 

in the previous conditions. It was not observed differences from the 

base-line signal. Despite the change of the initial conditions, in terms of 

concentration of buffer, hydrodynamic injection or voltage, any peak 
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were observed. Therefore, in the next experiments a composition buffer 

based on the use of borate buffer (Na2B4O7) at a concentration of 25 

mmol L-1 and at pH 9.5 was used. In this case, a peak appearance was 

observed. 

Once the composition of buffer was selected, the influence of the 

concentration of running buffer in the electrophoretic separation of β-

CD modified QDs was studied. As it can be observed in Figure II.26, the 

migration time of QDs became longer with the increase of buffer 

concentration, which was probably due to the decrease of zeta electric 

potential and the reduction of EOF, resulted from the compression of 

double electric layer with increase of ionic strength [64].  
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Figure	 II.26.	Electropherograms	of	β-CD	modified	CdSe/ZnS	QDs	using	different	

concentrations	 of	 running	buffer:	 (a)	 5;	 (b)	 10;	 (c)	 20;	 (d)	 25;	 (e)	 30	 and	 (f)	 40	

mmol	L-1	of	Na2B4O7.	CE	conditions:	capillary	column,	75µm	inner	diameter,	60	cm	

effective	length	(65	cm	total	leght);	running	buffer	Na2B4O7,	pH	9.50;	hydrodynamic	

injection,	30	s;	temperature,	20	⁰C;	applied	voltage,	25	kV.	
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In addition, a lower peak resolution up to 30 mmol L-1 of BGE was 

observed. On the other hand, the highest peak resolution was observed 

in the 20 to 30 mmol L-1 concentration range. Therefore, 25 mmol L-1 was 

selected as optimum value for the next experiments. 

The pH of running buffer not only affect the charge conditions of QDs, 

but also affect the physical and chemical properties of capillary inner 

surface and the thickness of double electric layer. The pH dependence 

from 7.4 to 10 was also evaluated. It was found that the separation 

achieve the highest resolution when pH value was 9.3 (Figure II.27). 

Therefore, a pH of 9.3 was selected as optimum value for the next 

experiments. 
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Figure	 II.27.	Electropherograms	of	β-CD	modified	CdSe/ZnS	QDs	using	different	

pH	values	from	7.4	to	10.	CE	conditions:	capillary	column,	75µm	inner	diameter,	60	

cm	effective	 length	(65	cm	total	 leght);	running	buffer	Na2B4O7	concentration,	25	

mmol	L-1;	hydrodynamic	injection,	30s;	temperature,	20	⁰C;	applied	voltage,	25	kV.	

	

The voltage effect on the separation of applied voltage β-CD modified 

CdSe/ZnS QDs withing the range of voltage from 18 to 30 kV was also 
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evaluated and the results are shown in Figure II.28. It was found that 

the migration time of QDs became shorter with the increase of applied 

voltage. In this case, the separation achieved the highest peak resolution 

when the voltage was 23 kV. Therefore, this value was selected as 

optimum. 
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Figure	 II.28.	 Electropherograms	 of	 β-CD	 modified	 CdSe/ZnS	 QDs	 in	 different	

separation	voltage	from	18	to	30	kV.	CE	conditions:	capillary	column,	75µm	inner	

diameter,	 60	 cm	effective	 length	 (65	 cm	 total	 leght);	 running	buffer	Na2B4O7,	 25	

mmol	L-1,	pH	9.3;	hydrodynamic	injection,	30s;	temperature,	20	⁰C.	

	

Under the optical electrophoretic conditions summarized above 

(running buffer: 25 mmol L-1 Na2B4O7 at pH 9.3; applied voltage: 23 kV, 

temperature: 20 ⁰C), four water-soluble β-CD modified CdSe/ZnS QDs 

peaks was observed. Following this approach, α and γ-CD modified 

CdSe/ZnS QDs were also studied in the optimal conditions. As it can be 

seen in the Figure II.29, cyclodextrin modified CdSe/ZnS QDs are 

negatively charged as the surface of the covering is negatively charged. 

It is complicated to predict what effect is predominant, if more charge or 
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more size. The experimental results showed that the increasing of the 

cyclodextrin size modifiying QDs surface resulted in a lower resolution 

of the peaks of the particles, in terms of peaks number. In this way, five, 

four and two signicatively peaks for α-CD-QDs, β-CD-QDs and γ-CD-

QDs, respectively, were observed. The result of this effect could be 

probably due to the modification procedure carried out. 
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Figure	 II.29.	Electropherograms of α, β and γ-CD modified CdSe/ZnS QDs in the 

optimal CE conditions: capillary column, 75µm inner diameter, 60 cm effective 

length (65 cm total leght); running buffer Na2B4O7, 25 mmol L-1, pH 9.3; 

hydrodynamic injection, 30s; temperature, 20 ⁰C; applied voltage, 23 kV. 

 

As it can be seen in Table II.1, the decreasing of size of cyclodextrin 

modifiying QDs surface differ in most drastic way to initial distribution 

size of QDs from 3.7 to 3.2 nm. On the other hand, the FWHM was 

significately higher in cyclodextrin modified QDs than in TOPO. 

Therefore, the explanation of this fact could be related with a separation 
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of higher distribution of sizes during the modification procedure 

affecting in more way to lower cyclodextrin sizes. In addition, the 

nanoparticles more negatively charged have a greater electrophoretic 

mobility and they appear to lower migration times. In this context, it is 

important to consider that longer cyclodextrins present higher negative 

charge due to the molecule composition. This indicates that the 

cyclodextrin-QDs complexes obtained from longer CDs could present 

great charge/mass ratio and thus migrate first. 

The analytical parameters of CE, describe in terms of migration times 

and electrophoretic mobilities, were obtained as follow. The 

experimental values of migration time and other experimental 

parameters were used to calculate the apparent solute mobility (µa) 

using the following expression: 

 

where V is the applied voltage, l is the effective capillary length (to the 

detector), L is the total capillary length, TM is the migration time and E is 

the electric field. 

On the other hand, from the apparent mobility it is possible to obtain the 

effective mobility using the following expression: 

 

Table II.2 summarizes the migration times and the electrophoretic 

mobilities calculated for each cyclodextrin modified CdSe/ZnS QDs.  

As it can be seen from the results of effective mobility, all the 

cyclodextrin modified QDs are negatively charged as also Figure II.29 

illustrates. In addition, as it was theoretical predicted, longer CD-

modified QDs migrated faster than shorter CD-modified QDs (Figure 

II.29). Moreover, the experimental results for effective mobility show 

that an increasing of the cyclodextrin size modifiying QDs surface 

results in a lower effective mobility of particles. This fact could be 
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explained by aggregation phenomena during the electrophoretic 

separation in larger cyclodextrin modifying QDs, resulting in a 

decreasing in the peaks number.  

 

Table	 II.2.	Calculation	 of	 electro-osmotic	 flow	mobility	 and	 effective	mobility	 of	

cyclodextrin	modified	CdSe/ZnS	QDs.	

Peaks Tm (s) µa (cm2 V-1S-1) µe (cm2 V-1S-1) 

α-CD-CdSe/ZnS QDs 

EOF 360 4.71 10-4  

1 489 3.47 10-4 -1.24 10-4 

2 510 3.33 10-4 -1.39 10-4 

3 525 3.23 10-4 -1.48 10-4 

4 543.6 3.12 10-4 -1.59 10-4 

5 546 3.11 10-4 -1.61 10-4 

β-CD-CdSe/ZnS QDs 

EOF 360 4.71 10-4  

1 407.4 4.16 10-4 -5.48 10-5 

2 420.6 4.03 10-4 -6.79 10-5 

3 455.4 3.72 10-4 -9.87 10-5 

4 510.6 3.32 10-4 -1.39 10-4 

γ-CD-CdSe/ZnS QDs 

EOF 348 4.87 10-4  

1 385.2 4.40 10-4 -4.71 10-5 

2 392.4 4.32 10-4 -8.08 10-6 

 

 

 

Thiol ligands 

Following this way, the electrophoretic behavior of different thiol ligand 

modified CdSe/ZnS QDs was also studied. For this purpose, CTAM as 

cationic ligand, 3-MPA as anionic ligand, and L-Cys as switterionic 

ligand were used. The main aim of this study was to know the charge 

behavior of the different thiol modified QDs. 
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The optimal conditions for the electrophoretic separation of different n-

CDs modified QDs were applied as initial conditions. However, it was 

found that the use of borate buffer as running buffer did not produce 

any peak resolution. On the contrary, it was observed a higher 

resolution when phosphate buffer at pH 8 as running buffer was used. 

Therefore, in this case, phosphate buffer was selected as optimum for the 

next experiments. 

The ionic strentch was also evaluated. It was found that 100 mmol L-1 of 

phosphate as running buffer was appropriate for the accomplishment of 

the experiments. Therefore, this value was selected as optimum. On the 

other hand, the effect of voltage was also studied. In this case, different 

voltage values were studied in the 18 to 25 KV range. From the results 

obtained, 23 kV was selected as optimum for the experiments. Thus, the 

electrophoretic behavior of different thiol modified QDs was registred in 

the optimal conditions, as Figure II.30 illustrates. 

The results showed the presence of cationic particles, in all cases. 

However, the intensity of the peaks shows that CTAM modified 

CdSe/ZnS QDs have predominant cationic particles. On the other hand, 

3-MPA modified CdSe/ZnS QDs shows a low cationic peak and 

predominant anionic peaks, one with high resolution and other with a 

band shape. Finally, L-Cys modified CdSe/ZnS QDs shows both 

predominant peaks, cationic and anionics. 

In order to test the influence of the ligand, alone, in the electrophoretic 

separation, the different ligands were also inyected in the same 

conditions. The results showed a base line in all cases, attributing the 

presence of peaks to modified QDs with the different thiol ligands. 

The electropherograms of the different thiol modified QDs are also 

illustrated in Figure II.31. As it can observe, the same electro-osmotic 

flow (EOF) profile was obtained in all cases. This fact could suggest the 

surface coating degradation of QDs during the electrophoretic 

separation process and thus, the appearance of unmodified QDs, as 
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neutral particles, together with EOF. 
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Figure	 II.30.	Electropherograms	 of	L-Cys,	 3-MPA	 and	CTAM	modified	 CdSe/ZnS	

QDs	 in	 the	optimal	CE	conditions:	capillary	column,	75µm	inner	diameter,	60	cm	

effective	length	(65	cm	total	leght);	running	buffer,	phosphate	buffer,	100	mmol	L-1,	

pH	8.0;	hydrodynamic	injection,	30s;	temperature,	20	⁰C;	applied	voltage,	23	kV.	
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On the other hand, the analytical parameters of CE were also calculated 

in the same way previously described for cyclodextrin modified QDs. 

Table II.3 summarizes the migration times and the electrophoretic 

mobilities calculated for each thiol modified CdSe/ZnS QDs 

corresponding to the main sensitive peaks in each case.  
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Figure	 II.31.	Electropherograms	 of	 L-Cys,	 3-MPA	 and	CTAM	modified	 CdSe/ZnS	

QDs	in	the	optimal	CE	conditions.	

 

As it can be observed from the results of effective mobility, all the thiol 

modified QDs are different charged as also Figure II.31 illustrates. In 

addition, it can also observe a decreasing in the peaks number when 

CTAM was used as coating ligand. This fact could be due to a possible 

aggregation of the particles, resulting also in an increasing of the 

FWHM. On the other hand, when L-Cys was used as coating ligand a 

weak peak resolution was observed. In addition, a wide band was also 

observed. This fact could be due to the zwitteronic behavior of the 

ligand, difficulting the electrophoretic separation. Finally, it can be 

observed a possible aggregation phenomenon during the electrophoretic 
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separation when 3-MPA was used as coating ligand. This effect could be 

due to the appeareance of a poor resolution of peak and a wide band. 

 

Table	 II.3.	Calculation	 of	 electro-osmotic	 flow	mobility	 and	 effective	mobility	 of	

thiol	(L-Cys,	3-MPA	and	CTAM)	modified	CdSe/ZnS	QDs.	

Peaks Tm (s) µa (cm2 V-1S-1) µe (cm2 V-1S-1) 

L-Cys-CdSe/ZnS QDs 

EOF 378 4.49 10-4  

1 368.4 4.60 10-4 1.17 10-5 

2 370.8 4.57 10-4 8.71 10-6 

3 

(band) 

870 1.95 10-4 -2.54 10-4 

3-MPA-CdSe/ZnS QDs 

EOF 402 4.22 10-4  

1 388.8 4.36 10-4 1.43 10-5 

2 822 2.06 10-4 -2.16 10-4 

3 924 1.84 10-4 -2.38 10-4 

CTAM-CdSe/ZnS QDs 

EOF 375 4.52 10-4  

1 363.6 4.66 10-4 1.42 10-5 

2 364.8 4.65 10-4 -1.53 10-6 

 366 4.63 10-4 -1.52 10-6 

 369.6 4.59 10-4 -4.51 10-6 

The results obtained for the different modifications of QDs surface 

showed different behaviors based on the kind of the ligand used. In this 

context, it was possible to know by using CE technique how affect the 

modification process to QDs surface, as well as to test which is the 

resulting superficial charge of modified QDs. In this way, cyclodextrin 

modified QDs showed a more defined electrophoretic profile (i.e. higher 

resolution of peaks). In addition, it was observed a logical result 

regarding surface charge, obtaining a negative surface charge behavior 
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for all the studied cyclodextrins. On the other hand, a weak peak 

resolution was obtained for thiol modified QDs. In this case, it was 

observed a significative noise signal, a higher influence of the 

modification process and a possible degradation of the covering surface 

during the electrophoretic separation. 
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CHAPTER III  

ANALYTICAL USES OF CDSE/ZNS 

QDS: ENVIRONMENTAL, FOOD AND 

CLINICAL FIELDS 

 
 
 
 
“La imaginación es más 

importante que el conocimiento”. 

Albert Einstein 

anotechnology is a rapidly expanding area of science and 

nanoparticles as QDs have a potential to revolutionize in the area 

of environment, food and clinical. Due to their exceptional 

optical properties, QDs have found vast applications in analytical 

research as the next generation fluorescent probes. Therefore, they are 

now popularly used in many analytical applications as potential 

analytical tools. As it commented in the previous Chapters, many of 

analytical applications require water-soluble QDs. Therefore, in order to 

evaluate the performance of QDs modified with different ligands (thiols 

and cyclodextrins) obtained by different solubilization strategies in 
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analytical applications, this Chapter describes the different possibilities 

of use CdSe/ZnS QDs as analytical tools in the detection and 

determination of compounds of interes in environmental, food and 

clinical fields. 

Therefore, this chapter comprises three subchapters based, each of them, 

on the development of analytical methodologies involving the use of 

modified QDs for determining compounds of interest in the previously 

referred fields. 

 

 



 

 

III.1. ENVIRONMENTAL FIELD  

 

 

 

 

 

urrently, existing legislation is becoming broader and more 

restrictive in several areas, so it is necessary the development of 

new analytical tools, methodological adaptations or substantial 

improvement of the measurement of chemical processes. In response to 

these needs, Nanoscience and Analytical Nanotecnology have an 

important role in this way by the development of tools that provide a 

convenient selectivity and sensibility in the methodology used for the 

determination of compounds of interes. 

Following this way, this part of the Chapter is focused to the 

development of analytical methodologies involving the use of modified 

QDs with different ligands as coating agents, contributing to the 

detection and determination of compounds of interest in the 

environmental field. To this end, this part is composed by two 

experimental works. The first work deals with the interaction of thiol 

modified CdSe/ZnS QDs with several sulfonylurea herbicides (SUHs), 

showing that the ligands as coating agents of QDs surface, have different 

behavior with the different SUHs studied, thus playing an important 

role for a specific application. The second work deals with the 

development of an analytical method incorporating 3-MPA modified 

CdSe/ZnS QDs that meets the requirement for a simple, sensible and 

rapid methodology to determine residues of paraquat herbicide in water 

samples, as required by the increasingly strict regulations for health 

protection introduced in recent years. 
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III.1.1. Interaction studies of different thiol modified CdSe/ZnS QDs with 
sulfonylurea herbicides 

QDs used for analytical purposes are mainly synthetized in organic 

media at high temperatures and protected with hydrophobic capping 

agents such as trioctylphosphine oxide (TOPO). However, many 

applications in biological and (bio) analytical systems require QDs to be 

water-soluble. In response to this need, several methods for obtaining 

aqueous CdSe/ZnS nanoparticles using ligand molecules, as it has been 

previously commented in the Chapter II, have been developed. On the 

other hand, the modification of QDs surface with ligands molecules not 

only allows the compatibility with aqueous phases but also play an 

important role in their subsequent utilization for analytical purposes. 

This is because the use of different ligands as capping agents gives them 

specificity on the surface, allowing selective interactions with a target 

analyte.  

SUHs are compounds based on a sulfonyl structure linked to a urea 

group and represent one of the largest kinds of herbicides [1, 2]. Their 

application for weed control in cereal crops all around the world made it 

very popular due to their low application rates (in the range of 10 - 100 

g/ha), unprecedented herbicidal activity and low mammalian toxicity 

(LD50 > 4000 mg/kg). Due to their relatively high water solubility may 

result in their leaching into deeper soils and potentially entering surface 

waters [1, 2]. Despite that the residues of these herbicides in 

environmental waters or soils are found at very low concentrations 

(trace levels, parts per billion levels) their monitoring in environmental 

waters is a complicate task, and demands highly efficient, selective, and 

sensitive analytical techniques [3, 4]. Following this approach, with the 

aim of contributing to exploit the advantages of modified QDs with 

different thiol ligands (section II.2.1) from an analytical point, the 

different behavior with SUHs were studied. 
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Study of the QDs-sulfonylurea herbicides interaction 

In order to evaluate the analytical potential of the obtained water-soluble 

QDs, three commonly used non fluorescent SUHs, such as tribenuron 

methyl, triasulfuron and metsulfuron methyl (Table III.1) were selected, 

as analytes, to study their interactions with QDs.  

 

Table	III.1.	Sulfonylurea	herbicides	structures	and	pKa	values.	

Name Chemical structure pKa 

Triasulfuron 

OCH2CH2Cl

SO2NHCONH

N

N

N

CH3

OCH3  

4.6 

Metsulfuron methyl 

COOCH3

SO2NHCONH

N

N

N

OCH3

CH3

 

3.8 

Tribenuron methyl 

COOCH3

SO2NHCHONH

CH3
N

N

N

OCH3

CH3

 

4.7 

 

Time is a key factor for the QDs-SUHs interaction. Therefore, first of all 

several experiments were conducted to establish the optimum time 

value of QDs-SUHs interaction on the fluorescence spectra, in order to 

achieve the highest fluorescence change. The results obtained 

demonstrated that only 30 s of solution stirring was necessary for 

detecting interesting interactions between SUHs and water-soluble QDs. 

These investigations were carried out by additions of 4 mg L-1 of each 

SUHs into water soluble QDs. After 30 s of stirring, the emission 
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fluorescence spectrum (λex = 350 nm) was recorded. The emission 

spectrum of water soluble QDs without SUHs addition was also 

measured under the same experimental conditions. I0/I was calculated, 

where I0 and I is the fluorescence intensity at 590 nm in the absence and 

in the presence of SUHs, respectively. The results showed that any effect 

was observed in the interaction between QDs capped with 3-MPA and 

the SUHs studied. On the other hand, a fluorescence enhancement effect 

on QDs capped with L-Cys was observed in the presence of triasulfuron. 

Finally, various effects were observed in the interaction between QDs 

capped with CTAM and SUHs studied. The fluorescence signal was 

increased with metsulfuron methyl and tribenuron methyl, and it was 

quenched with triasulfuron. These facts demonstrated the different 

interactions between QDs-CTAM and the studied SUHs. 

Cysteamine at pH 8 is a cationic ligand, therefore, when it was used as 

capping agent, the QDs surface is positively charged. On the other hand, 

triasulfuron, metsulfuron methyl and tribenuron methyl, with a low 

pKa values, at this pH are deprotonated. Several mechanisms could 

explain the observed interactions between QDs-CTAM and these 

sulfonylurea herbicides. The presence of aromatic rings in the chemical 

structure of herbicides could promote a fluorescence resonance energy 

transfer (FRET) between QDs and studied herbicides. Moreover, 

electrostatic interaction could additionally influence the interaction. 

Therefore, it could be a combination of processes that promote the 

interaction between QDs and herbicides studied. The obtained results 

demonstrate a potential use of solubilized CdSe/ZnS QDs for analytical 

purposes with non-fluorescent analytes. These results are summarized 

in Table III.2. 

The analytical performance characteristics of L-Cys-QDs-triasulfuron 

interaction were evaluated under the optimized experimental 

conditions. In order to evaluate the practical usefulness of the proposed 

approach as possible analytical method, linear range, precision in terms 
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of repeatability and reproducibility were studied using standard 

solutions of triasulfuron. The fluorescence response of L-Cys-QDs upon 

addition of increasing amounts of triasulfuron sulfonylurea herbicide 

(between 0.1 and 4 mg L-1) was measured. When the triasulfuron 

concentration increased, the fluorescence intensity of L-Cys-QDs 

increased. 

 

Table	III.2.	Water	soluble	CdSe/ZnS	QDs-herbicides	interaction.	

 Coating ligands of QDs 

 L-Cysteine 3-MPA Cysteamine 

Herbicides    

Tribenuron methyl = = + 

Metsulfuron methyl = = + 

Triasulfuron + = - 
= No variation signal  + Increase signal  - Decrease signal 

 

The Stern-Volmer kinetics model was used to examine the observed 

enhancement behavior as a function of the sulfonylurea herbicide 

concentration. Following this model, the enhancement concentration can 

be obtained from the Stern-Volmer relationship: 

 

where I0 is the luminiscence intensity of the L-Cys-QDs and I is the 

luminiscence intensity of the L-Cys-QDs-triasulfuron, Ksv is the Stern-

Volmer constant, and [Q] is the triasulfuron sulfonylurea herbicide 

concentration. Figure III.1 shows the Stern-Volmer plot obtained from 

luminiscence intensity measurements upon addition of up to 4 mg L-1 of 

triasulfuron pesticide to L-Cys-QDs in water. As it can be seen, the plots 

of I/I0 versus triasulfuron concentration did not fit a conventional linear 

Stern-Volmer equation. A steep upward curvature was observed at 
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concentrations greater than 1.0 mg L-1. This behavior indicates that both 

dynamic and static enhancement seems to act together, and hence a 

more complex enhancement model according to Eq. (2) is suggested [5]: 

 

where KD and KS are the Stern-Volmer constants for dynamic and static 

enhancement, respectively. In this case, all experimental data were 

adjusted to the following equation: 

 

However, the luminiscence behavior of the system below 1.0 mg L-1 can 

be described by a linear Stern-Volmer plot according to Eq. [1]. In fact, 

the obtained experimental data for the first part of the Stern-Volmer plot 

can be satisfactorily fitted by a linear regression according to the 

following calibration equation (Figure III.1): 

 

0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5

1,12

1,16

1,20

1,24

1,28

1,32

I/I
0

[Triasulfuron]/mg L-1
 

Figure	 III.1.	Stern-Volmer	plot	 for	 triasulfuron	herbicide	 enhancement	 of	 L-Cys-

QDs	fluorescence.	Lineal	range	(between	0.1	and	1	mg	L-1)	is	also	shown.	
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A good relationship (r  > 0.989) was obtained, which could be used to 

determine triasulfuron in water. The precision of the methodology, 

expressed as relative standard deviation, was determined in terms of 

repeatability (n = 10) at concentration level of 4 mg L-1 obtaining a R.S.D. 

value of 1.19 %. Then, this experiment was repeated two consecutive 

days for estimating the reproducibility, obtaining a R.S.D. value of 3.8 %. 

According to these results, it can be concluded that this approach opens 

up new possibilities for developing analytical methods using QDs for 

the detection of non-fluorescent analytes, as in this case some 

sulfonylurea herbicides. 

 

III.1.2. Use of CdSe/ZnS QDs for sensitive detection and quantification 
of paraquat in water samples 

Paraquat (PQ), (1,1-dimethyl-4,4-bipyridilium dichloride), also known as 

methyl-viologen (MV), is one of a broad spectrum contact herbicides. In 

the past, it was used in many EU countries as a fast-acting non-selective 

herbicide and it is still used in many countries for clearing, pasture 

renovation, inter-row weed control in vegetable crops and weed control 

in plantation crops [6]. A major problem caused by the abusive and 

uncontrolled use of paraquat is related to its high persistence in the 

environment where, though only slightly absorbed by soils, it is a 

potential contaminant of waters due to its high solubility (about 620 g L-1 

at 25 ◦C [7]). 

PQ is a banned substance in the European Union. In fact, the European 

Union has not regulated the maximum residue limits levels (MRLs) for 

PQ in water and values of 0.02 mg Kg-1 for individual pesticides and 0.05 

mg Kg-1 for total pesticides are applied [8]. However, the US 

Environmental Protection Agency (EPA) has included paraquat in a 

priority list of hazardous chemicals and established a drinking water 

equivalent level (DWEL) of 200 µg L-1 and a maximum contaminant 
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level goal, as health advisory, of 30 µg L-1 for paraquat in drinking 

waters [9, 10]. To help enforce the legislated values, sensitive analytical 

methods for paraquat are still needed. The vast majority of analytical 

methods used for PQ determination are based on chromatographic and 

electrophoretic techniques using mass spectrometry as detection system 

[11-14]. Frequently, in such methods high selectivity and sensitivity are 

reached, but additional sample treatments are required, being 

methodologies with low analysis throughputs and high costs. UV-Vis 

spectrophotometric has been used for determining PQ by reaction with 

sodium dithionite in alkaline medium, where PQ is reduced forming a 

blue free radical followed at 600 nm [15-17]. Additionally, 

photoluminescence approach for sensitive PQ detection uses an organic 

molecule as photoluminescence probe previous reduction of PQ [18]. In 

this way, in the last few years improvements in nanotechnology allowed 

replacement of conventional organic fluorophores by alternative 

advantageous luminescence nanomateriales, such as QDs, which have 

recently demonstrated their high potential in the development of novel 

luminescence bioanalytical methodologies [19-22]. 

Luminescence of quantum dots is very sensitive to their surface states. 

Therefore, eventual chemical or physical interactions between a given 

chemical species with the surface of the nanoparticles could result in 

changes of the efficiency of the core electron–hole recombination [23] or 

in electron transfer from photoexcited QDs to analyte [24]. It was the 

basis of the recent increasing research activity on the development of 

novel analytical methodologies based on QDs for direct analysis of small 

molecules and ions [19, 25] and also, their use as reducing agent [26]. 

Methods based on direct chemical or physical interactions between 

target chemical species (analyte) and the surface of the nanoparticles are 

very simple and they have demonstrated high sensitivity features [27].  

With the aim of contributing to exploit the advantages of QDs as 

fluorescence detection probes, the present work is focused on the 
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Synthesis, modification and analytical uses of CdSe/ZnS QDs 

For understanding the possible influence of PQ on the luminescence 

intensity of 3-MPA modified QDs, the fluorescence emission spectrum 

of PQ ( ex = 350 nm) was checked. As Figure III.3 illustrates, any 

significant emission was observed at the 3-MPA modified QDs emission 

range (520 - 670 nm).  
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Figure	III.3.	The	UV–Vis	absorption	(a),	fluorescence	emission	spectrum	of	water	

soluble	CdSe/ZnS	QDs	solution	(b)	and	emission	spectrum	of	paraquat	(λex	=	350	

nm)	(c).		

 

When PQ was added to QDs aqueous solution, a quenching effect on the 

QDs emission band ( em = 596 nm) was observed (Figure III.4). The 

dependence of the measured luminescence intensity signal with 

increasing concentrations of PQ was fixed to the well known Stern-

Volmer equation: 

 

where I0 is the luminescence signal at 596 nm of QDs in the absence of 

PQ and I is the same signal in the presence of increasing concentrations 

of PQ. Hence, (I/I0) was plotted versus PQ concentration. It is interesting 



 

 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

 

Figure	

L

 

 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

Ln (I/I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

 III.1. Environmental field

 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

 

Figure	

L-

 

 Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

Ln (I/I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Figure	
-1	

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

Ln (I/I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Figure	

	paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

Ln (I/I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Figure	

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

Ln (I/I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Figure	

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

Ln (I/I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Figure	III.

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

Ln (I/I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

III.

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

Ln (I/I0

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

III.

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

0) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

III.4

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

4.	

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

F
L 

In
te

ns
ity

 (
a.

u.
)/

10
5

	Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

F
L 

In
te

ns
ity

 (
a.

u.
)/

10
5

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

F
L 

In
te

ns
ity

 (
a.

u.
)/

10

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

F
L 

In
te

ns
ity

 (
a.

u.
)/

10

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

0

1

2

3

4

5

6

7

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

520
0

1

2

3

4

5

6

7

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

520

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

520

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

520

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

III.1. Environmental field 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

540

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat	concentration.

Analytical procedure for 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

540

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat	concentration.	

Analytical procedure for paraquat

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

540

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

	

paraquat

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

540

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transfer

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

soluble QDs were transferred into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

complex quenching model [

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

560

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

[5

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

560

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

5]

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

560

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

]. However, wh

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

paraquat determination

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

. However, wh

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

determination

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

. However, wh

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

580

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

determination

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

. However, wh

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

580

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

determination

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

. However, wh

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

580

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

determination

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

. However, wh

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

580

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

determination

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

. However, wh

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

determination

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

. However, wh

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

determination

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

. However, wh

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

600

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

determination

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

. However, wh

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

600

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

determination

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

. However, wh

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

600

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

determination

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

. However, wh

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

600

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

determination

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples.

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

. However, wh

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

determination 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

solution was replaced by the water samples. 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

. However, wh

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Wavelength (nm)
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

. However, wh

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

620

Wavelength (nm)

 3-MPA-CdSe/ZnS QDs
 3-MPA-CdSe/ZnS QDs-

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

 

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

. However, when Ln (I/I

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

620

 3-MPA-CdSe/ZnS QDs
 3-MPA-CdSe/ZnS QDs-

PQ

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

en Ln (I/I

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

620

 3-MPA-CdSe/ZnS QDs
 3-MPA-CdSe/ZnS QDs-

PQ

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

en Ln (I/I

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

620

 3-MPA-CdSe/ZnS QDs
 3-MPA-CdSe/ZnS QDs-

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

en Ln (I/I

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

 3-MPA-CdSe/ZnS QDs
 3-MPA-CdSe/ZnS QDs-

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

en Ln (I/I

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

 3-MPA-CdSe/ZnS QDs
 3-MPA-CdSe/ZnS QDs-

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

en Ln (I/I

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

640

 3-MPA-CdSe/ZnS QDs
 3-MPA-CdSe/ZnS QDs-

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

en Ln (I/I

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

640

 3-MPA-CdSe/ZnS QDs
 3-MPA-CdSe/ZnS QDs-

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

) was used as analytical signal, where I0 

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

en Ln (I/I

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

640

 3-MPA-CdSe/ZnS QDs
 3-MPA-CdSe/ZnS QDs-

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

 

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

en Ln (I/I

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

640

 3-MPA-CdSe/ZnS QDs
 3-MPA-CdSe/ZnS QDs-

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

 and I were the 

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

en Ln (I/I

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

 3-MPA-CdSe/ZnS QDs
 3-MPA-CdSe/ZnS QDs-

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

and I were the 

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

en Ln (I/I0

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

 3-MPA-CdSe/ZnS QDs-

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

and I were the 

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

0) was plotted 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (

and I were the 

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

) was plotted 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

excitation wavelength of 350 nm between 520 to 670 nm (Figure III.

and I were the 

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

) was plotted 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

Figure III.

and I were the 

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

) was plotted 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

Figure III.

and I were the 

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

) was plotted 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

Figure III.

and I were the 

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

) was plotted 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

Figure III.

and I were the 

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

) was plotted 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs. 

 
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

Figure III.

and I were the 

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

) was plotted 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

determination method based on luminescence quenching of QDs.  

 
Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

Figure III.

and I were the 

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

) was plotted 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

Figure III.

and I were the 

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

) was plotted 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

Figure III.

and I were the 

fluorescence intensity at 596 nm of the systems in the absence and 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

) was plotted 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

Figure III.

and I were the 

fluorescence intensity at 596 nm of the systems in the absence and the 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. A

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

) was plotted 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

Figure III.5

and I were the 

the 

presence of PQ respectively. When samples were analyzed, PQ standard 

to remark that this plot did not fit a conventional linear equation. An

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

) was plotted 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

5). 

and I were the 

the 

presence of PQ respectively. When samples were analyzed, PQ standard 

n 

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

) was plotted 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

). 

and I were the 

the 

presence of PQ respectively. When samples were analyzed, PQ standard 

195

 

upward curvature was observed, this may indicate that both dynamic 

and static quenching seem to act together, here suggesting a more 

) was plotted 

versus the concentration of PQ a good linear relationship (r > 0.995) was 

obtained. Therefore, this signal could be used to develop a PQ 

Quenching	effect	observed	for	CdSe/ZnS	QDs	in	the	presence	of	250	ng	

For PQ determination, 0.5 mL of standard solution of PQ and 0.5 mL of 

red into a quartz cuvette. The mixture was 

stirred for 30 seconds and the fluorescence spectrum was measured at 

). 

and I were the 

the 

presence of PQ respectively. When samples were analyzed, PQ standard 

195195195  



196

 

Figure	III.

 

 

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

ng L

versus PQ concentration was studied. The calibration equation obtained 

was:

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using 

A R.S.D.

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

(

196

 

Figure	III.

 

 Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

ng L

versus PQ concentration was studied. The calibration equation obtained 

was:

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using 

A R.S.D.

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

(Table 

196

Figure	III.

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

ng L

versus PQ concentration was studied. The calibration equation obtained 

was:

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using 

A R.S.D.

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Table 

196 

Figure	III.

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

ng L

versus PQ concentration was studied. The calibration equation obtained 

was:

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using 

A R.S.D.

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Table 

 

Figure	III.

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

ng L

versus PQ concentration was studied. The calibration equation obtained 

was:

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using 

A R.S.D.

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Table 

 

Figure	III.

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

ng L-1

versus PQ concentration was studied. The calibration equation obtained 

was: 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using 

A R.S.D.

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Table 

 

Figure	III.

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

1. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using 

A R.S.D.

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Table 

 

Figure	III.

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using 

A R.S.D.

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Table III.3

 

Figure	III.

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using 

A R.S.D.

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

III.3

 Synthesis, modification and analytical uses of CdSe/ZnS QDs

Figure	III.5

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using 

A R.S.D. 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

III.3

Synthesis, modification and analytical uses of CdSe/ZnS QDs

5.

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using 

 value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

III.3

Synthesis, modification and analytical uses of CdSe/ZnS QDs

. Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using 

value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

III.3).

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using 

value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

).

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using 

value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

). 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using 

value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

analysis using a PQ standard solution (250 ng L

value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

value of 0.37 % 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

value of 0.37 % was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

the noise signal, were 3 ng L-1

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

1 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

Schematic illustration of steps for the 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

 and 10 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

steps for the 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

and 10 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

steps for the 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

. A good linear relationship (r 

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

and 10 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

steps for the 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

 =

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

and 10 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

steps for the 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

= 0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

and 10 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

steps for the 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

and 10 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

steps for the 

Analytical features of the proposed method

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

and 10 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

steps for the 

Analytical features of the proposed method 

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

and 10 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

steps for the 

 

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

and 10 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

steps for the 

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

and 10 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

steps for the 

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

and 10 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

steps for the determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

and 10 ng L

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

                          Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

and 10 ng L-

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

                          Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

graph was prepared from the results of triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

-1, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

                          Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

a PQ standard solution (250 ng L-

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

                          Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

-1 

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

                          Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

 of PQ) was 

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

                          Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

of PQ) was 

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

                          Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

of PQ) was 

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

                          Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

of PQ) was 

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

                          Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

of PQ) was 

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

                          Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

of PQ) was 

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

                          Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

of PQ) was 

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

                          Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

of PQ) was 

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

                           Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

of PQ) was 

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

 Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

of PQ) was 

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

 Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

of PQ) was 

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

of PQ) was carried out

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

carried out

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

carried out

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

carried out

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and te

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

carried out

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

as the concentrations that originated signals equal to three and ten times 

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs

 
determination of paraquat.

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

carried out

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

n times 

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

Synthesis, modification and analytical uses of CdSe/ZnS QDs 

 
determination of paraquat. 

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

standard water solutions of increasing concentrations between 10-

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

carried out

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

n times 

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

 

 

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

-5

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability 

carried out

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

n times 

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

 

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

5·

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability five 

carried out

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

n times 

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

·10

0.9959) was observed when Ln(I/I

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

five 

carried out

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

n times 

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

10

0.9959) was observed when Ln(I/I0

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

five 

carried out

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

n times 

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

103 

0) 

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

five 

carried out. 

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

n times 

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 

The analytical performance characteristics of the proposed method were 

evaluated under the optimized experimental conditions. Calibration 

triplicate analysis of PQ 

 

) 

versus PQ concentration was studied. The calibration equation obtained 

The precision of the proposed method was evaluated in terms of 

five 

. 

was obtained. This experience was repeated 

three days for estimating the reproducibility, obtaining a R.S.D. value of 

2.03 %. The detections and quantification limits, defined by the IUPAC 

n times 

, respectively. Compared 

with previous works described in literature to determine PQ, the 

proposed method presents a clear advantage in terms of sensitivity 



 III.1. Environmental field 

 

197 

Table	III.3.	Comparison	of	methods	for	the	determination	of	paraquat.	

Detection method Linear range 
Detection 

limit 

Samples  

detection 
Ref. 

Spectrophotometric Up of 250 μg L-1 0.7 μg L-1 Drinking water [29] 

Electrochemical 12.9-1.8×104 μg L-1 0.926 μg L-1 Water [30] 

Resonance light scattering 0.05-1.0 μg L-1 0.036 μg L-1 Water, rice and 

urine 

[31] 

Differential pulse 

voltamperometric 

169.7-1.23×104 μg L-1

  

0.239 μg L-1 Water [32] 

Sequential injection-square 

wave Voltammetry 

10-250 μg L-1 2.0 μg L-1 Water [33] 

Spectrophotometric 100-5 × 103 μg L-1 22 μg L-1 Natural water [34] 

Liquid 

chromatography/electrosp

ray-mass spectrometry 

-- 0.1 μg L-1 Water [35] 

Liquid chromatography 

(electrospray ionization) 

mass spectrometry 

-- 0.2 μg L-1 Drinking Water [36] 

Liquid chromatography 

ionspray tandem mass 

spectrometry 

5-100 μg L-1 5 μg L-1 Water [37] 

Spectrofluorimetric 2.55-3.86×103 μg L-1 1.64 μg L-1 Rice, wheat-flour, 

lettuce leaves, 

waste-water 

[38] 

Spectrofluorimetric 0.01-5.0 μg L-1 0.003 μg L-1 Tap, mineral, 

waste and 

ground water 

This 

work 

 

 Interference study 

The effect of other common herbicides on the fluorescence signal of 

water-soluble CdSe/ZnS QDs was also studied. This study including 

herbicides, such as diquat, mepiquat chloride, chlormequat chloride, 

malathion, fenitrothion, terbutryn, triasulfuron, metsulfuron methyl or 

tribenuron methyl, that were added over the QDs at three levels of 

concentrations (10, 20 and 50 ng L-1). The results obtained indicated that 

these herbicides did not produce any noticeable effect in the fluorescence 

signal of soluble CdSe/ZnS QDs with paraquat. Figure III.6 shows the 
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normalized fluorescence intensity at 596 nm of the CdSe/ZnS QDs alone, 

CdSe/ZnS QDs in presence of 20 ng L-1 of paraquat and CdSe/ZnS QDs 

with 20 ng L-1 of paraquat in presence of 20 ng L-1 of others common 

herbicides. The results indicated that these herbicides did not quench 

fluorescence emission of QDs with paraquat which in turn would give 

rise to erroneous paraquat levels being determined.  
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Figure	III.6.	Interference	assay	for	paraquat	determination	with	CdSe/ZnS	QDs.	

 

 Analytical application 

The usefulness of the proposed method for the determination of PQ in 

water samples from different procedence of Ciudad Real province (tap, 

mineral, waste and ground water) was evaluated. Water samples were 

treated as described in Section I.1.2. PQ concentrations were measured 

according to the proposed method. Table III.4 collects the results 

obtained for each sample in two different concentration levels. As it can 

be seen, recoveries between 71 and 102% were obtained in all cases, with 

a satisfying analytical precision, thus indicating the validity of the 

proposed method for direct analysis of PQ in different types of water. 
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Table	 III.4.	 Analytical	 parameters	 of	 the	 determination	 of	 paraquat	 in	 several	

samples	of	water	(n	=	3).	

Type of sample 
PQ 

Added (ng L-1) Found (ng L-1) Recovery (%) 

Tap water 10 8.1 ± 0.1 80.7 ± 1.0 

250 240.8 ± 4.2 96.3 ± 1.7 

Mineral water 10 10.0 ± 0.1 100.1 ± 1.0 

250 178.0 ± 3.0 71.2 ± 1.2 

Waste water 10 10.2 ± 1.0 102.3 ± 10.0 

250 226.0 ± 4.1 90.4 ± 1.6 

Groundwater 10 8.8 ± 2.0 87.5 ± 20.0 

250 239.3 ± 5.1 95.7 ± 2.0 





 

 

III.2. FOOD FIELD 

 

 

 

 

 

s mentioned in the introduction of this thesis, the exceptional 

properties of QDs allow the use of them as potential analytical 

tools in several fields. However, given the needs of selectivity 

required by QDs, it is important to develop methodologies for the 

compatibility of QDs in different media, as well as the modification of 

the surface of the nanocrystals with selective ligands in order to provide 

the appropiate selectivity. Thus, the aim of this part of Chapter is the use 

of QDs as analytical tools, exploiting their fluorescent properties, both in 

conventional systems and in continuous flow systems. The studies 

performed for this purpose were focused towards the food field and 

they are reported in the following two works. 

In the first work, a methodology incorporating β-CD-QDs for vanillin 

sensoring in food samples is proposed. The interest in the determination 

of this compound in the food field is based on their potential use as 

additive in several foods and the fraudulent use with derivated 

compounds. 

In the second work, a methodology that combines continuous flow 

system and QDs as alternative to use conventional systems for the 

determination of ascorbic acid is proposed. This work incorporates two 

interesting aspects: (1) it demonstrates the ability of QDs to be used as 
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fluorescent sensors for the determination of antioxidant compounds in a 

supplement and juices samples, and (2) it proposes the approach of 

using QDs in continuous flow systems, which implies a considerable 

simplification of the analytical process, reducing both the consumption 

of reagents and the manipulation of nanoparticles. 

 

III.2.1. β-cyclodextrin coated CdSe/ZnS QDs for vanillin sensoring in 
food samples 

Vanillin is one of the most popular flavouring substances and it is 

widely used in food, beverages, perfumery and pharmaceutical 

industry. Natural vanillin is obtained from vanilla pods, through a long 

and expensive process. Furthermore, natural vanillin obtained in this 

way can supply less than 1% of the market demand. Therefore, most of 

the vanillin employed is synthesised through chemical processes from 

eugenol (4-allyl-2-methoxyphenol), guaiacol (2-methoxyphenol) or 

lignin. The chemical synthesis leads to a cheaper vanillin, but of lower 

quality with a wide variety of complex matrices that need selective and 

sensitive clean-up procedures for its extraction and/or analysis [39]. The 

yield and purification of vanillin (a biomolecule relevant for several 

purposes) is still of major interest. Different methods for determination 

of vanillin in several samples have been developed. Many of these 

methods involve electrochemical detection with several types of 

electrodes [40-43]. Other methods include the use of supported liquid 

membranes with amperometric [44] or piezoelectric [45] detection. 

Spectrophotometric [46] detection, liquid cromatography with mass 

spectrometry detection [47], capillary electrophoresis [48] or gas 

chromatography [49] has also been used for determining vanillin. 

However, these techniques usually need complicated sample 

pretreatment. Nowadays, as a useful analytical technique, fluorescent 

detection has been extensively employed with high sensitivity and 
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selectivity. To our knowledge, the use of n-CDs modified QDs as 

selective probes for fluorescent determination of flavouring is almost 

unexplored. Therefore, the aim of this work was the use of water soluble 

and stable semiconductor CdSe/ZnS QDs using β-CD as surface coating 

agent as a selective fluorescent sensor for vanillin in several samples, 

obtaining satisfactory results for its determination in food samples. 

 

Effect of vanillin on the luminiscence response of modified QDs 

In the n-cyclodextrin modified QDs, the hydrophobic pockets of the 

cyclodextrin molecules interact with the aliphatic chains of the TOPO 

present on the nanoparticle surface from the QDs synthesis (Figure 

II.13). Nevertheless, the immobilized cyclodextrins retain their capability 

of engaging molecular recognition. In this way, it was studied the use of 

n-CD-CdSe/ZnS-QDs nanoparticles as a selective luminiscence sensor of 

vanillin according the mechanism proposed in Figure III.7. The selective 

host-guest interaction between vanillin and n-cyclodextrin, through the 

vanillin binds to the receptor sites, can act as an electron transfer 

quencher of luminescence of the particles. Under these conditions the 

association of the vanillin to the n-CD cavities concentrates the analyte 

on the semiconductor QDs surface. 

First, preliminary studies were made in order to know the best 

recognization of vanillin when α, β or γ-CD-CdSe/ZnS-QDs were used. 

It was found that vanillin affects the luminiscence of β-CD-CdSe/ZnS-

QDs in a more drastic way, producing a quenching effect on the QDs 

emission band, as it can be seen in Figure III.8. Therefore, β-CD 

modified CdSe/ZnS-QDs were selected to develop the vanillin sensor.  

The time-dependent luminescence changes of the β-CD-QDs upon their 

interaction with 4.2 mg L-1 of vanillin were investigated. From the results 

obtained, it can be concluded that luminescence of the β-CD-QDs in the 
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Figure	III.8.	Effect	of	4.2	mg	L-1	vanillin	concentration	over	fluorescence	of	α-CD-

CdSe/ZnS-QDs,	β-CD-CdSe/ZnS-QDs	and	γ-CD-CdSe/ZnS-QDs.	

 

According to the literature [50], the surface of the n-CD-CdSe/ZnS-QDs 

affords a finite number of binding sites. Each of the binding sites could 
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absorb one vanillin molecule from the solution. Therefore, according to 

Langmuir equation [51]: 

 

where C is the concentration of vanillin and I the fluorescence intensity 

obtained for this concentration level. According to the literature, if the 

Langmuir description of the binding of vanillin on the surface of β-CD-

CdSe/ZnS-QD is correct, a linear plot of c/I as a function of c must be 

obtained. In this case, a good linearity was observed throughout the 

entire range of vanillin concentracion (2 to 20 mg L-1). The binding 

constant B of β-CD-CdSe/ZnS-QDs with vanillin is found to be 0.99. 

 

 Analytical procedure for vanillin determination 

For vanillin determination, suitable amount of these samples and 0.4 mL 

of β-CD modified CdSe/ZnS fixed at pH 8 were transferred into a 

volumetric flask. The mixture was stirred at room temperature and 

stored at ambient light in the dark for 30 min for reaction. Then, this 

mixture was transferred into a 10 mm quartz cuvette and the emision 

fluorescent spectrum was measured, at an excitation wavelength of 450 

nm, between 500 and 670 nm. I0/I was used as analytical signal, where I0 

and I were the fluorescence intensity at 590 nm of the systems in the 

absence and the presence of vanillin, respectively. 

 

 Analytical features for vanillin determination 

In order to develop an analytical method to determine vanillin in foods, 

several analytical performance characteristics were evaluated under the 

optimized experimental conditions. The quenching effect of the vanillin 

can be described using the following Stern-Volmer equation: 
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where I0 and I are the fluorescence intensity of β-CD-CdSe/ZnS-QDs in 

the absence and the presence of vanillin. A linear relationship between 

I0/I and vanillin concentration in the range of 2 - 20 mg L-1 with a 

correlation coefficient of 0.9963 was obtained. Figure III.9 shows the 

fluorescence spectra of β-CD-CdSe/ZnS-QDs at different concentrations 

of vanillin between 2 and 20 mg L-1. The calibration equation was: 

 

The precision of the methodology was evaluated in terms of 

repeatability and reproducibility. To determine the repeatability of the 

method, 10 analysis of samples containing 4.1 mg L-1 of vanillin were 

carried out and the obtained R.S.D. was 1.2 %. Then, the reproducibility 

was estimated for three replicates of 4.1 mg L-1 vanillin under interday 

conditions (for two consecutive days), obtaining a R.S.D. of 4.7%. A limit 

of detection (LOD) of 0.99 mg L-1 was obtained for vanillin 

determination, based on the IUPAC method (blank signal plus 3 times 

its standard deviation). 10 measurements were used to obtain the LOD.  
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Figure	 III.9.	 Fluorescence	 spectra	 of	 β-CD-CdSe/ZnS-QDs	 at	 different	

concentrations	of	vanillin	between	2	and	20	mg	L-1.	
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According to these results, it can be concluded that this approach opens 

the possibilities to develop an analytical method using β-CD-CdSe/ZnS-

QDs for the determination of vanillin. 

 

 Interference study 

In order to apply the method to food samples a selectivity study was 

also carried out. For vanillin determination in food samples, the main 

interferences come from several colorant additives, such as curcumine or 

riboflavine. However, the interferences of these compounds were 

eliminated during the sample preparation step (section I.1.2). By contrast, 

sucrose, glucose and lactose could be present in the sample as principal 

interferent. For this purpose, two different level of concentration were 

used in combination with vanillin. From the results obtained it can 

concluded that when the concentration of interferents were increased, 

not difference were observed in the vanillin signal, given values of R.S.D 

of 3.9 and 4.5 %, respectively. The coexisting compounds caused a 

relative error of less than ± 5 % in the fluorescence intensity of the 

vanillin-β-CD-CdSe/ZnS-QDs system. Therefore, it can be considered to 

have no interference with the detection of vanillin. The data revealed 

that the proposed method might be applied to the detection of vanillin 

in food samples. 

On the other hand, several similar structures to vanillin, such as vanillin 

alcohol, 4-hydroxybenzaldehyde or 4-hydroxybenzyl alcohol were 

tested. For this purpose, three different levels of concentration were used 

in combination with vanillin. From the results obtained it can be 

concluded that when the concentration of interferent was increased, no 

difference was observed in the vanillin signal, with less of ± 5 % of R.S.D. 

when vanillin alcohol and 4-hydroxybenzyl alcohol were used. 

However, the results obtained when 4-hydroxybenzaldehyde was used 

indicated that this compound can produce interference in the vanillin 
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determination. This fact demonstrated that the structure of the analyte 

and the pH of solution system could play an important role in the 

selectivity of vanillin determination with β-CD-CdSe/ZnS-QDs. Table 

III.5 shows the obtained change of fluorescence intensity (%) at the three 

concentration levels studied. 

 

Table	III.5.	Effect	of	coexisting	foreign	substances	in	three	different	concentration	

values	in	combination	with	vanillin	on	the	fluorescence	signal.	

Foreign substances Foreign species ratio Error in vanillin determination (%) 

Sucrose 1:10 +1.9 

1:20 +2.5 

Vanillin alcohol 1:0.5 -0.1 

1:1 +0.3 

1:2 +0.2 

4-hydroxybenzyl alcohol 1:0.5 -2.50 

1:1 +0.4 

1:2 +2.9 

4-hydroxyaldehyde 1:0.5 -6.5 

1:1 -8.2 

1:2 -9.7 

Conditions: pH 8; [vanillin] = 6.7 mg L-1. 

 

 Analytical application 

To demonstrate the applicability of the proposed method, it was applied 

to determine vanillin in several commercial sugar and milk samples, 

purchased in different supermarkets. Each one of these samples was 

spiked with several concentrations of vanillin and was prepared 

according to the steps described in Section I.1.2. The summary of these 

results are shown in Table III.6. The obtained recoveries indicated an 

acceptable agreement between the amounts added and those found for 

all types of samples. 
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Table	III.6.	Determination	of	vanillin	in	several	food	samples	(n	=	3).	

Sample Added (mg L-1) Found (mg L-1) Recovery (%) 

Sugar 1 5 5.26 ± 0.2 105 ± 4 

10 9.96 ± 0.5 100 ± 5 

20 19.2 ± 1 96 ± 5 

Sugar 2 5 4.9 ± 0.2 99 ± 3 

10 10.0 ± 0.4 100 ± 4 

20 20.0 ± 0.3 99 ± 1.5 

Sugar 3 5 5.0 ± 0.2 101 ± 4 

10 9.6 ± 0.4 96 ± 4 

20 18.2 ± 0.9 91 ± 4.5 

Milk 1 5 5.2 ± 0.2 104 ± 4 

10 9.0 ± 0.4 90 ± 4 

20 20.0 ± 1.0 99 ± 5 

Milk 2 5 5.1 ± 0.2 103 ± 4 

10 9.0 ± 0.5 90 ± 5 

20 19.6 ± 0.8 98 ± 4 

 

The proposed method was also used for the quantitation of vanillin in 

custard with vanilla flavor. These samples contained vanillin as flavor 

additive. This product was analyzed by triplicate, according to the 

procedure described in Section I.1.2. To evaluate the matrix effect, the 

standard addition method was also used for the determination of 

vanillin in the studied product. The obtained results were 75.6 ± 0.6 and 

76.3 ± 0.9 mg L-1 with and without standard addition, respectively, 

corresponding to the original sample (samples were diluted before 

analyses). The application of Student statistical test for a confidence level 

of 95% demonstrated the statistical coincidence between the 

concentration found with those found by the standard addition method 

(n = 6, tcrit = 2.92 > texp = 0.48). 
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III.2.2. A continuous method incorporating β-cyclodextrin modified 
CdSe/ZnS QDs for determination of ascorbic acid in food samples 

Ascorbic acid, or vitamin C (AA, vit C), was selected as model in this 

work. It is a natural compound presents in fruits, vegetables, also used 

as an essential additive in foods and it is an antioxidant in several 

chemical and biochemical systems. Therefore, the development of 

simple, sensitive and selective methods is important for the 

determination of this analyte. 

Several methods have been developed for the determination of AA in 

foods, pharmaceutical or biological fluids including spectrophotometric 

[52, 53], fluorimetric [54, 55], enzymatic [56, 57], electrochemical [58, 59] 

or chromatographic [60, 61] determination techniques. However, high 

cost, long operation time and less selectivity were sometimes found in 

their application. In addition, most of these methods used non-

automatic schemes and they have been based on manual sample 

handling and measuring. Less effort has been paid in the use of flow 

systems for AA determination using QDs. Only a very interesting flow 

system using water-soluble CdTe QDs for AA determination [62] has 

been proposed. Flow systems are a good tool for handling solutions; 

prevent operators to come into contact with toxic materials, such as QDs 

involving heavy metals, increase of environmental-friendly methods, 

obtaining low wastes generation and lower reagents. In addition, 

continuous flow systems resulted in the development of simple and 

automatic analytical approaches. Therefore, the main goal in the present 

work was to develop an analytical method that combines flow system 

and QDs, showing its potentiality for the analysis of pharmaceutical and 

food samples. The developed approach was based on the quenching 

effect produced by the oxidized AA on the fluorescence of the CdSe/ZnS 

CDs modified with β-cyclodextrins. The procedure was carried out in a 

flow system, presenting a clear advantage in terms of sensitivity 

compared with the previous work. The use of this modified CdSe/ZnS 
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QDs ensure the compatibility with aqueous media and selectivity of the 

system. After the optimum flow procedure was selected, the 

determination of AA in pharmaceutical formulations and foods samples 

it was also carried out. Satisfactory results were obtained in all cases 

demonstrating the usefulness of the proposed method. 

 

 Effect of chemical and instrumental variables 

In the last years, a limited number of automated flow methods of 

analysis have been developed in scientific literature using quantum dots. 

The absence of automated methodologies involves high consumption of 

reagents and high waste generation, especially harmful in QDs methods, 

due to their toxicity. In addition, the low stability of QDs, which worsens 

repeatability of the systems, when a high degree of human operation is 

required. In this work, a flow system using n-cyclodextrin modified QDs 

was optimized, their analytical features were characterized and 

compared with the conventional analytical method using QDs. Possible 

benefits introduced with the automatization of the method are 

discussed.  

The interaction between β-CD-CdSe/ZnS-QDs and AA are governed by 

several chemical and instrumental parameters. Therefore, in order to 

obtain the best analytical signal, the effect of these variables was studied. 

The pH effect in the interaction of AA and β-CD-CdSe/ZnS-QDs was 

studied by measurements of fluorescence intensity of the QDs. For this 

purpose, as QDs tend to aggregate and precipitate at pH values lower 

than 7, the influence of the pH (between 7 and 12.5) on the fluorescence 

signal of QDs (20 mg L-1) in the absence (I0) and in the presence (I) of 67.3 

mg L-1 of AA was studied. It was found that the highest and stable net 

signal (I0/I) was obtained when the interaction between AA and β-CD-

CdSe/ZnS-QDs was carried out at pH 12. Although the potential 

unstability of AA at this pH, other aspects must be taken into account for 
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Synthesis, modification and analytical uses of CdSe/ZnS QDs 

fluorescence quenching due to transference of charge process from the 

decorated QDs to the dehydroascorbic acid compound. Therefore, the 

unstability of AA (producing dehydroascorbic acid) is, in fact, involved 

in the proper determination of AA.  

The study of the type of cyclodextrin involved in the process 

demonstrated that β-CD provided the higher quenching effect of AA, as 

Figure III.11 shows. Therefore, this effect can be used as the analytical 

signal in the automatized method for determining AA using β-CD-

CdSe/ZnS-QDs. Several mechanisms could explain this phenomenon. 

On the one hand, it was previously reported that, in aqueous solution, 

oxygen can reversibly enhance the fluorescence of nanocrystals by 

passivizing surface defects [63]. Therefore, a possible mechanism of the 

observed quenching relies on the effect of oxygen on the fluorescence of 

β-CD-CdSe/ZnS-QDs. As it is previously commented, ascorbic acid is a 

well-known antioxidant; it can easily react with the oxygen adsorbed 

onto the surface of QDs and influence the fluorescence of these 

nanoparticles. Therefore, the observed quenching of the fluorescence in 

response to AA presence could be attributed to the displacement of 

oxygen from the β-CD-CdSe/ZnS-QDs surface. In addition, interactions 

between AA molecules and the cyclodextrins on the QDs surface could 

result the establishment of inclusion complex. In this way, it could be 

also possible an electron transfer between oxidized AA molecules and 

modified QDs. In this way it could act as electron-trapping states 

preventing electron-hole recombination and yield in a quenching of the 

QDs photoluminescence.  

On the other hand, the effect of the ionic strength on the analytical signal 

of the AA-β-CD-CdSe/ZnS-QDs system was also evaluated. For this 

purpose, the experiments were carried out using a Na2HPO4/NaOH 

solution at pH = 12 in the 0.0 - 0.2 mol L-1 range. The result obtained 

showed that the ionic strength did not influence the analytical signal of 

AA-β-CD-CdSe/ZnS-QDs system. Hence, a 0.01 mol L-1 Na2HPO4/NaOH 
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solution at pH = 12 was used for the preparation of AA and QDs 

mixture. Thus, this buffer solution was also selected as carrier in the flow 

system. 
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Figure	 III.11.	 Fluorescence	 intensity	 spectra	 of	 α-CD-CdSe/ZnS-QDs	 (A),	 β-CD-

CdSe/ZnS-QDs	(B)	and	γ-CD-CdSe/ZnS-QDs	(C)	in	the	absence	and	the	presence	of	

40	mg	L-1	of	ascorbic	acid.	
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The time-dependent fluorescence changes of the β-CD-CdSe/ZnS-QDs 

upon their interaction with AA at pH 12 were investigated. For this 

purpose several reaction times were used (between 0 - 30 min). Reaction 

was practically completed after 5 min of the mixing and, hence, a stable 

fluorescence signal was obtained for at least 30 min. Therefore, the 

mixing of samples with QDs nanoparticles was carried out off-line 

within this period of time.  

The effect of QDs concentration was studied in the 8 and 20 mg L-1 

range. It was observed that the net fluorescence signal increased up to 12 

mg L-1 and, then, not significantly changes were observed when higher 

concentrations were employed. This effect could be explained due to the 

inner filter effect, as a result of re-absorption of emitted radiation when 

the QDs concentration reached too high values. The highest net signal 

was obtained using a QDs concentration of 12 mg L-1. Therefore this 

value was selected as the optimum.  

Once chemical variables were optimized, the emission and excitation 

slits (2 - 10nm), as well as the voltages of photomultiplier tube (800 - 

1000 V), were optimized in order to obtain the best sensitivity. It was 

observed that, under the optimum conditions previously described, the 

best signal was obtained when the instrumental conditions were fixed to 

provide the highest possible signal from the blank (only 12 mg L-1 of 

QDs). The selected excitation and emission slit were 5 nm and the 

voltage of the photomultiplier tube was set at 1000 V. The selected 

wavelengths were 350 and 594 nm as ex and em, respectively. 

On the other hand, the optimization of other important parameters also 

affect to the magnitude of the analytical signal in the flow system was 

also carried out. For this purpose, two manifolds were tested in order to 

appropriately mix QDs and sample solutions in the flow system. The 

first approach (Figure III.12A) involved the on-line mixture between 

QDs and AA sample solutions in the flow system. To this end, several 

aliquots of QDs and AA solution were firstly introduced in the flow 



 III.2. Food field 

 

217 

system making a direct confluence between them just before the 

detection in the flow cell. In this case, a significantly dilution effect in the 

sample and QDs solutions by the carrier solution when the inserted 

volume is low was observed. Due to this dilution effect, a very low 

analytical signal was obtained. So, in these flow methodologies high 

volumes of samples and QDs solution are required for observe a high 

signal. In addition, a wider peak and decreased samples throughput 

were obtained. 

The second manifold (Figure III.12B) involved the off-line mixture of 

QDs and sample solution. In this case, a better sample throughput and 

sensitivity (not on-line dilution) were obtained, although this procedure 

required a higher human manipulation. Therefore, considering the 

lower consumption of QDs (because their toxicity), the sensitivity and 

the high throughput the off-line mixture of QDs and AA solutions, this 

last manifold was proposed. 

The flow-rate was optimized taken into account the sample throughput 

and the repeatability of the signal. For this purpose, several flow-rate 

values were studied (1.5 - 3.5 mL min-1). It was observed that higher 

flow-rate values decreased the repeatability of the signal. Therefore, a 

flow-rate of 2.9 mL min-1 was selected, obtaining a high sample 

throughput and providing a good repeatability. 

 

 Analytical procedure for ascorbic acid determination 

The AA determination, in both samples was as follows: suitable amount 

of each samples and 0.3 mL of β-CD-CdSe/ZnS-QDs were transferred 

into a 2 mL volumetric flask. The mixture was stirred for 30 s. Then, this 

mixture was transferred into a flow system through the injection valve 

(off-line) (Figure III.12B) and the fluorescence peak at 594 nm was 

measurement after 5 min of reaction, at an excitation wavelength of 350 

nm. The analytical signal was expressed as Ln (I0/I), where I0 and I is the 



218

 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

 

Figure	III.1

proposed	methodology.

 

 

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

Figure 

spectra of 

good linear relation

AA concentration was plotted. The obtained calibration equation was:

where I

CD

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

218

 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

 

Figure	III.1

proposed	methodology.

 

 Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

Figure 

spectra of 

good linear relation

AA concentration was plotted. The obtained calibration equation was:

where I

CD

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

218

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Figure	III.1

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

Figure 

spectra of 

good linear relation

AA concentration was plotted. The obtained calibration equation was:

where I

CD

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

218 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Figure	III.1

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

Figure 

spectra of 

good linear relation

AA concentration was plotted. The obtained calibration equation was:

where I

CD-

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Figure	III.1

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

Figure 

spectra of 

good linear relation

AA concentration was plotted. The obtained calibration equation was:

where I

-CdSe/ZnS

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Figure	III.1

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

Figure 

spectra of 

good linear relation

AA concentration was plotted. The obtained calibration equation was:

where I

CdSe/ZnS

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Figure	III.1

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

Figure 

spectra of 

good linear relation

AA concentration was plotted. The obtained calibration equation was:

where I

CdSe/ZnS

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Figure	III.1

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

Figure III.1

spectra of 

good linear relation

AA concentration was plotted. The obtained calibration equation was:

where I

CdSe/ZnS

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Figure	III.1

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

III.1

spectra of 

good linear relation

AA concentration was plotted. The obtained calibration equation was:

where I0 

CdSe/ZnS

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Figure	III.1

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

III.1

spectra of 

good linear relation

AA concentration was plotted. The obtained calibration equation was:

 and I are the obtained peak height fluorescence intensity for 

CdSe/ZnS

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Figure	III.12

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

III.1

spectra of 

good linear relation

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

CdSe/ZnS

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

2.

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

III.1

spectra of β

good linear relation

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

CdSe/ZnS

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

.	Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

III.13

β

good linear relation

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

CdSe/ZnS

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

3 shows the obtained conventional 

β-CD

good linear relation

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

CdSe/ZnS

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

CD

good linear relation

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

CdSe/ZnS-

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

CD

good linear relation

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

-QDs in 

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

CD

good linear relation

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

QDs in 

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

CD-CdSe/ZnS

good linear relation

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

QDs in 

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

CdSe/ZnS

good linear relation

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

QDs in 

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

proposed	methodology.

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

CdSe/ZnS

good linear relation

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

QDs in 

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

proposed	methodology.	

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

CdSe/ZnS

good linear relationship (r

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

QDs in 

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

	

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

CdSe/ZnS

ship (r

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

QDs in 

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

CdSe/ZnS

ship (r

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

QDs in 

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

CdSe/ZnS

ship (r

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

QDs in 

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

CdSe/ZnS

ship (r

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

QDs in the 

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

CdSe/ZnS

ship (r

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

the 

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

CdSe/ZnS

ship (r 

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

the 

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

CdSe/ZnS-

 =

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

the 

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

-QDs with different AA concentrations. A 

= 

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

the absence and

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

 0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

absence and

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

absence and

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

absence and

ascorbic acid concentrations [Q]. 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

absence and

ascorbic acid concentrations [Q].  

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

absence and

 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

absence and

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

absence and

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

absence and

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

absence and

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

absence and

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

graph was prepared from the results of triplicate assays of AA standard 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

absence and

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

absence and

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

absence and 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

 the

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

                          

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively. 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

the

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

                          

peak height fluorescence intensity at 594 nm of 

absence and presence of sample, respectively.  

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

the

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

                          

peak height fluorescence intensity at 594 nm of 

 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

Analytical features for ascorbic acid determination 

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

shows the obtained conventional 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

the 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

                          

peak height fluorescence intensity at 594 nm of β

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

 

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

shows the obtained conventional (A)

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

 presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

                          

β-

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

(A)

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

                          

-CD

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

(A)

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

 

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

                          

CD

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

(A) and flow system 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

 

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

                          

CD

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

and flow system 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

                          

CD-

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

and flow system 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

                          

-CdSe/ZnS

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

and flow system 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

                          

CdSe/ZnS

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

and flow system 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

                          

CdSe/ZnS

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2

and flow system 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

                           

CdSe/ZnS

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

water solutions of increasing concentration between 2 

and flow system 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

 

CdSe/ZnS

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

 -

and flow system 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

 

CdSe/ZnS

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

- 

and flow system 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

CdSe/ZnS

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

 100 mg L

and flow system 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

CdSe/ZnS

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

100 mg L

and flow system 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

CdSe/ZnS

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

100 mg L

and flow system 

QDs with different AA concentrations. A 

0.999) was obtained when Ln (I0/I) versus 

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

CdSe/ZnS

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

100 mg L

and flow system 

QDs with different AA concentrations. A 

/I) versus 

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

CdSe/ZnS-

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

100 mg L

and flow system 

QDs with different AA concentrations. A 

/I) versus 

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

QDs in 

 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

100 mg L

and flow system 

QDs with different AA concentrations. A 

/I) versus 

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

QDs in 

 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	b

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

100 mg L

and flow system 

QDs with different AA concentrations. A 

/I) versus 

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

QDs in 

Manifold	of	the	flow	system	used	for	the	determination	of	AA	by	the	

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

100 mg L

and flow system 

QDs with different AA concentrations. A 

/I) versus 

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

QDs in 

y	the	

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

100 mg L

and flow system 

QDs with different AA concentrations. A 

/I) versus 

AA concentration was plotted. The obtained calibration equation was:

and I are the obtained peak height fluorescence intensity for 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

QDs in 

y	the	

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

100 mg L

and flow system (B)

QDs with different AA concentrations. A 

/I) versus 

AA concentration was plotted. The obtained calibration equation was: 

and I are the obtained peak height fluorescence intensity for β

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

QDs in 

y	the	

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

100 mg L-1

(B)

QDs with different AA concentrations. A 

/I) versus 

 

β

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

QDs in 

y	the	

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

1. 

(B) 

QDs with different AA concentrations. A 

/I) versus 

β-

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 

QDs in 

y	the	

The analytical performance characteristics of the proposed flow method 

were evaluated and compared with the manual method. Calibration 

triplicate assays of AA standard 

. 

 

QDs with different AA concentrations. A 

/I) versus 

presence of increasing 

The precision of the proposed flow system method was evaluated in 

terms of repeatability and reproducibility. The repeatability was 



 III.2. Food field 

 

219 

established for ten independent analyses of 10 mg L-1 of AA, obtaining a 

R.S.D. value of 3.2 %. The reproducibility was also studied analyzing ten 

replicate samples of 10 mg L-1 of AA for two consecutive days. A R.S.D. 

value of 4.2 % was obtained. The sample throughput was 40 samples 

(per duplicate) per hour.  
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Figure	III.13.	(A)	Fluorescence	intensity	spectra	of	β-CD-CdSe/ZnS-QDs	with	0,	20,	

40,	 80,	 120	 and	 160	 mg	 L-1	 of	 ascorbic	 acid	 concentrations;	 (B)	 Flow	 profiles	

obtained	 for	 β-CD-CdSe/ZnS-QDs	with	 0,	 2,	 4,	 10,	 20,	 30,	 50	 and	 100	mg	 L-1	 of	

ascorbic	acid	concentration.	

 

Detection and quantification limit were estimated as the concentration of 

analyte that produced analytical signals equal to three and ten times the 

standard deviation of the background luminescence, respectively. 

Values of 0.6 mg L-1 and 2 mg L-1 were obtained as LOD and LOQ, 

respectively. 

For comparison purposes, analytical performance characteristics using 

the manual method were performed. A good linear relationship (r = 

0.995) was obtained when Ln (I0/I) versus AA concentration between 20 - 

160 mg L-1 was plotted. The calibration equation was: 

 

The repeatability was established for ten independent analyses of 25 mg 

L-1 of AA, obtaining a R.S.D. value of 1.2 %. Values of 6 mg L-1 and 20 mg 
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L-1 were obtained as LOD and LOQ, respectively. 

As it can be seen, some marked differences were observed as the linear 

range, sensitivity, throughput and favorable precision to the flow 

system. Therefore, the flow system allows the higher samples-frequency 

and a high automation of the methodology. 

 

 Interference study 

In order to investigate the possibility of practical application in 

determination of AA in samples from the alimentary and clinical field, 

the effect of excipients commonly found in pharmaceutical and food 

formulations containing ascorbic acid was studied. For this purpose, the 

study was carried out by adding different amounts of the possible 

interfering compound to a solution containing β-CD-CdSe/ZnS-QDs and 

10 mg L-1 concentration of AA.  

Tolerance level was defined as the amount of foreign species that 

produced an error not exceeding ± 5 % in the determination of the 

analyte. The tolerated interferent / analyte (mg L−1) ratio was higher than 

25 for principal potential interferences, such as starch, glucose, sucrose, 

lactose, maltose or fructose, obtaining error values lower than 5 %. On 

the other hand, the lower tolerated ratios of some compound in the 

matrix sample were not present any problem considering the usual 

concentration in the analyzed samples. For instance, the tolerated ratio 

of Sunset Yellow FCF (E-110) as colorant additive also is present in the 

matrix sample was 0.001. The usual ratios of pyridoxine found in 

pharmaceuticals are lower than 0.1. In this ratio, the error not exceeded 

0.38 %. In addition, based on the elemental composition of fruit juices, 

the main antioxidant agents are citric acid and AA. The concentration 

ratio between AA and citric acid is about 1:20 (w/w). Taking into 

account this value, the interference study for this compound, as potential 

interference, was carried out, showing an error not exceeding ± 5 % 
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(which is similar to the precision of the method) in the determination of 

ascorbic acid. This fact demonstrated the selectivity of modified QDs to 

AA at this ratio. Therefore, the obtained results, AA can be determined, 

without significant errors, in the presence of high concentration levels of 

potentially interfering compounds in fruit juices and pharmaceutical 

formulations. Table III.7 summarizes all these information. 

 

Table	III.7.	Interference	study.	

Foreign species Tolerated interferent/analyte ratioa 

Sucrose, glucose, fructose > 25 

Citric acid > 20 

Starch, lactose, maltose > 5 

Hystidine > 1 

k+, Na+, Cl- > 0.5 

Pyridoxine > 0.1 

E-110  > 0.001 

(a) Maximum ratio tested for 10 mg L-1 AA concentration. 

 

Analytical application 

The application of the optimized flow method previously described was 

carried out to the determination of AA in pharmaceutical and fruit juices 

samples, using the sample treatment and procedure described in Section 

I.1.2. In order to check the accuracy of the proposed method 

experimental results of two different types of samples (orange juice and 

Cebion® packets) were compared with those obtained by the titrimetric 

method (iodimetric determination of ascorbic acid) using sodium 

thiosulfate as the titrating reagent, in the presence of potassium 

iodate/potassium iodide in acidic medium, with starch as an indicator 

(Table III.8).The paired statistical t-test showed an experimental t value 

of 0.76 (n = 6), whereas the critical t value is 2.57 (confidence level of 95 

%). Therefore, the comparison between both the proposed and the 

titrimetric methods is demonstrated. This fact demonstrated the 

potential applicability of the proposed method to determine the AA 
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content in these types of samples.  

 

Table	III.8.	Comparison	of	the	proposed	method	against	the	titrimetric	method.	

Sample 

Proposed 

method/mg L-1 

Titrimetric 

method/mg L-1 Error (%) 

Orange juice 1 300.3  308.5 - 2.66 

Orange juice 2 402.8 388.1 + 3.79 

Orange juice 3 283.9 294.4 - 3.57 

Cebion® packet 1 936.0 950.2 - 1.49 

Cebion® packet 2 985.3 977.6 + 0.79 

Cebion® packet 3 961.8 955.2 + 0.69 

 

Then, samples were analysed by triplicate and the obtained results are 

shown in Table III.9. A previous dilution of the sample was not 

necessary. However, it was necessary to take into account that the 

proposed analytical methodology inevitably produces a dilution of the 

sample (see Section I.1.2). As can be seen, good agreement with the ones 

provided by the manufacturer was obtained. However, both sets of 

values were compared using the Student t-test. The experimental values 

of t (Table III.9) were lower than the critical t values (2.92) for two 

degrees of freedom and 95 % confidence level. Therefore, although the 

declared amounts by the manufacturers should be seen as indicative 

values, the agreement according to the experimental and critical values 

reported in Table III.9 can be stated. 

 

Table	III.9.	Results	obtained	for	analysis	of	several	samples.	

Sample 
Found (n = 3)/mg L-

1 

Declared by 

manufacturer/mg L-1 

Student t-

testa (texp) 

Orange juice 1 305 ± 9  320 2.73 

Orange juice 2 398 ± 13 400 0.29 

Orange juice 3 289 ± 13 300 1.52 

Pineapple juice 289 ± 8 300 2.42 

Apple juice 298 ± 9 300 0.38 

Cebion® packets 941 ± 43 1000 2.36 

a tcrit = 2.92. 



 

 

 

 

 

 

using inexpensive portable device

methods. 

Nanotechology is the miniaturization of instruments and test procedures 

incorporating nanoparticles

 

Figure	

incorporating	nanoparticles.

T
using inexpensive portable device

methods. 

Nanotechology is the miniaturization of instruments and test procedures 

incorporating nanoparticles

Figure	

incorporating	nanoparticles.

The need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

using inexpensive portable device

methods. 

Nanotechology is the miniaturization of instruments and test procedures 

incorporating nanoparticles

Figure	 III.

incorporating	nanoparticles.

T he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

using inexpensive portable device

methods. Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

incorporating nanoparticles

III.1

incorporating	nanoparticles.

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

using inexpensive portable device

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

incorporating nanoparticles

14.	Schematic	 illustration	 of	 the	miniaturizat

incorporating	nanoparticles.

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

using inexpensive portable device

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

incorporating nanoparticles

Schematic	 illustration	 of	 the	miniaturizat

incorporating	nanoparticles.

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

using inexpensive portable device

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

incorporating nanoparticles

Schematic	 illustration	 of	 the	miniaturizat

incorporating	nanoparticles.

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

using inexpensive portable device

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

incorporating nanoparticles

Schematic	 illustration	 of	 the	miniaturizat

incorporating	nanoparticles.

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

using inexpensive portable device

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

incorporating nanoparticles

Schematic	 illustration	 of	 the	miniaturizat

incorporating	nanoparticles.	

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

using inexpensive portable device

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

incorporating nanoparticles 

Schematic	 illustration	 of	 the	miniaturizat

	

III.3.

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

using inexpensive portable device

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

 (Figure 

Schematic	 illustration	 of	 the	miniaturizat

III.3.

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

using inexpensive portable device

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

Figure 

Schematic	 illustration	 of	 the	miniaturizat

III.3.

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

using inexpensive portable devices 

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

Figure III.1

Schematic	 illustration	 of	 the	miniaturizat

III.3.

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

 open new approach for scr

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

III.1

Schematic	 illustration	 of	 the	miniaturizat

III.3. C

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

open new approach for scr

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

III.14)

Schematic	 illustration	 of	 the	miniaturizat

CLINICAL FIEL

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

open new approach for scr

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

).  

Schematic	 illustration	 of	 the	miniaturizat

LINICAL FIEL

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

open new approach for scr

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

Schematic	 illustration	 of	 the	miniaturizat

LINICAL FIEL

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

open new approach for scr

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

Schematic	 illustration	 of	 the	miniaturization	 of	 Analytical	 systems	

LINICAL FIEL

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

open new approach for scr

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

ion	 of	 Analytical	 systems	

LINICAL FIEL

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

open new approach for scr

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

ion	 of	 Analytical	 systems	

LINICAL FIEL

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

open new approach for scr

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

ion	 of	 Analytical	 systems	

LINICAL FIEL

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

open new approach for scr

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

ion	 of	 Analytical	 systems	

LINICAL FIEL

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

open new approach for scr

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

 

ion	 of	 Analytical	 systems	

LINICAL FIEL

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

open new approach for screening 

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

ion	 of	 Analytical	 systems	

LINICAL FIELD

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

eening 

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

ion	 of	 Analytical	 systems	

D 

 

he need to develop new methodologies that allow screening for 

compounds of interest in various areas without the need to use 

sophisticated instrumentation and an exhaustive determination 

eening 

Thus, one of the current trends of Nanoscience and Analytical 

Nanotechology is the miniaturization of instruments and test procedures 

ion	 of	 Analytical	 systems	

 



224                            

 

Synthesis, modification and analytical uses of CdSe/ZnS QDs 

The main advantages and objectives pursued by these methods not only 

involve the speed, the consumption of small amounts of solvents and 

reagents, the use of small amounts of sample and ease of automation, 

but also the increasing the sensitivity and selectivity of the assay. 

Therefore, following this approach, in this third part of chapter an 

experimental work based on the fabrication of simple and economical 

colloidal CdSe/ZnS quantum dots (QDs)-modified paper device for 

glucose screening is proposed as analytical application of QDs in clinical 

field. The combination of miniaturization and the use of nanoparticles 

opens new avenues to use nanoparticles in the development of paper-

based analytical devices and their applications in biomedical research, 

particularly as rapid screening methods. 

 

III.2.1. Quantum dot-modified paper-based assay for glucose screening 

Luminescent QDs have been intensively used in recent years for the 

development of sensor and biosensors exploiting their fascinating 

optoelectronic properties [64-67]. Although most of these methods 

involve the use of QDs as optical probes in the form of aqueous 

dispersions, less attention has been paid to their use in solid platforms, 

such as paper-based devices. In this regard, it is important to point out 

that paper is inexpensive, ubiquitous, robust, can be easily patterned [68, 

69], chemically modified, and have intrinsic wicking properties [70] 

rendering it advantageous for chemical and biological analysis. In 

addition, small volumes of reagents are necessary, resulting further 

reductions in cost. Therefore, paper-based analytical devices (including 

arrays [71]) have the potential to be widely adopted by the analytical 

community. 

Many articles have reported the integration of nanomaterials in paper 

devices. However, the vast majority of these interesting developments 

have used gold [72] or silica [73] nanoparticles. Only a few reports have 
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sought to integrate QDs in paper devices. Among those, Petryayeva et 

al. reported a QDs fluorescence resonance energy transfer (QD−FRET) 

assay on microfluidic paper devices based on the immobilization of the 

QDs to thiol groups in the paper [74]. Noor et al. reported a quantitative 

DNA hybridization assay using spots of CdSxSe1–x/ZnS (core/shell) QDs, 

also chemically immobilized on a paper substrate [75]. In this case, the 

immobilization of CdSxSe1–x/ZnS QDs was carried out by the 

modification of the paper substrates with imidazole ligands. Additional 

modifications were recently introduced by the same group [76]. Yuan et 

al. reported the use of polymer CdTe QD-enzyme hybrid films 

incorporated on paper substrates to probe the presence of a 

corresponding substrate for the enzyme (tyrosinase or glucose oxidase) 

[77]. In this case, the quenching of photoluminescence was used as 

analytical signal for determine substrate concentration due to the 

conversion of substrates into products quenched the photoluminescence 

of QDs. It is thus clear that these methods require not only the 

implementation of chemical modification protocols (for paper and/or 

QDs), which may affect the activity of the enzyme and in consequence, 

impair the efficiency of the sensor [78, 79]. Moreover, most of the sensing 

strategies involving QDs require a bench-top detection system [80] 

therefore, limiting the applicability with respect to the most traditional 

visual detection approach [81, 82]. 

To overcome these shortcomings this report describes a simple approach 

for the preparation of colloidal CdSe/ZnS QDs and their use in an optical 

paper-based assay for glucose screening. Glucose was selected as a 

model system because it is important for several fields including biology 

[83], biochemistry [84], and food science [85]. 
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experiments herein described address the criteria used for the selection 

of the best conditions in the preparation of QDs paper devices, and the 

evaluation of the resulting analytical devices.  

On the one hand, in order to improve the fluorescence intensity and the 

homogeneity distribution of QDs on the paper substrate, the effect of the 

QDs concentration and pH were investigated. Figure III.16 shows the 

trend in the fluorescence intensity after applying different volumes of 

QDs solution on paper substrates under the UV lamp (365 nm excitation 

wavelength). The amount of QDs incorporated in the paper substrates 

ranged from 2.6 to 15.7 pmol (corresponding to 3 and 18 µL). As it can 

be noted in the inset picture, as the concentration of QDs increased, the 

paper surface as progressively covered with QDs and the minimum 

amount of QDs required to cover the entire paper surface was found to 

be 7.8 pmol (9 µL).   

On the other hand, the pH dependence is a key factor in the obtained 

fluorescence intensity after activation under UV-vis lamp (365 nm 

excitation wavelength). For this purpose, different pH values were used, 

including deionized water, sodium hydroxide (0.1 M) and hydrochloric 

acid (0.1 M). In addition, different concentrations of QDs were used in 

all cases. As it can be also observed in Figure III.16, when hydrochloric 

acid was used a strong fluorescence quenching was observed at all 

concentrations of QDs. This observation is in agreement with previous 

reports stating that strong acids have the ability to break up the core of 

the nanocrystal and thus the fluorescence of QDs. On the other hand, in 

presence of sodium hydroxide, a strong enhancement of fluorescence 

intensity was observed in all cases. This can be explained in terms of Cd-

OH formation and elimination of surface defects. Finally, slight 

differences between pH = 7 and 9 were observed. At pH values lower 

than 5 and deionized water, only a slight increase in the fluorescence 

intensity was observed. This fact may be due to the initially formation of 

small Cd2+ ions which could enhance the fluorescence of QDs [28]. 
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Taking into account these results, an amount of QDs of 7.8 pmol (9 µL) 

and a neutral pH = 7 were selected as optimum and used for the 

subsequent experiments. 

enzyme (GOx), therefore favouri

Figure	III.
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irradiated with light a fluorescence enhancement is produced [87]. This 

phenomenon is commonly known as “photoactivation” and has been 

attributed to a combination of effects induced by heat-induction by light 

(photoannealing), the adsorption of water molecules on the surface of 

QDs and even photooxidation [87]. To date, different explanations have 

been reported in bibliography and the existence of different pathways 

for the photoactivation phenomenon has been proposed. However, most 

of these reports are referred to solution media. Taking into account that 

a similar process could be observed when the QDs are deposited on the 

paper substrates, experiments were carried out to select the most 

appropriate conditions for photoactivation. For this purpose, once the 

modified QDs papers were prepared different photoactivation pathways 

were used. In the first case, the QDs modified papers with buffer 

solution were dried under ambient conditions and then exposed to UV 

light (365 nm). Although this would be the simplest process to activate 

the paper devices, no effective photoactivation was observed. These 

results could highlight the role of water molecules in the photoactivation 

process of the QDs. On the other hand, the QDs-modified papers were 

exposed to direct UV light (365 nm) immediately after the addition of 

the buffer solution. In this case, a progressive enhancement of the 

fluorescence intensity was observed, reaching a maximum after 20 min 

(data not shown). Therefore, a photoactivation time of 20 min was 

selected as the most appropriate and used for the remaining 

experiments.   

It has been reported that H2O2 causes fluorescence quenching of QDs 

and therefore, QDs can be used as indicators for H2O2-dependent 

enzymatic reactions in solution [88, 64, 89]. To demonstrate the 

possibility to apply this concept to paper-based assays, the influence of 

the H2O2 on the fluorescence emission of QDs-modified paper devices at 

relevant pH values was firstly investigated. For these experiments, 3 µL 

of a solution containing different percentages of H2O2 was dispensed 

onto the QDs modified paper devices and allowed to react at ambient 
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conditions. The resulting QDs modified paper devices were read under 

UV-vis lamp (365 nm). As shown in Figure III.17, the fluorescence 

intensity of QD- modified paper devices significantly decreased with the 

addition of increasing H2O2 percentages (in the 0.05 - 3 % range). 

However, slight differences were observed at different pH values. 

Figure III.17 also shows the quenching of the fluorescence by H2O2 in 0.1 

M of sodium hydroxide (pH = 13), showed a very narrow dynamic 

range, therefore limiting the applicability of the approach. On the other 

hand, the data obtained at pH = 9 and 7 showed significant differences, 

yielding a broader color gradient. Based on these results, a pH = 7 was 

selected as optimum and used for the paper-based assay. 
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Figure	III.17.	Effect	of	 the	concentration	of	H2O2	on	the	fluorescence	 intensity	of	

QDs-modified	paper	substrates	using	buffer	solutions	of	different	pH	values.	

 

In order to optimize the reaction time between QDs and H2O2 and 

maximize the signal intensity, the evolution of the fluorescence was 

investigated in the 5 - 15 min range. The results are summarized in 

Figure III.18. Although the results show initial changes in the entire 

concentration range investigated, the effect of H2O2 concentration was 
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accentuated after 15 min when an abrupt exponential decay was 

observed. Therefore, 15 min of reaction was selected as optimum to 

obtain the best results in the QDs-H2O2 system.  
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Figure	III.18.	Effect	of	 the	concentration	of	H2O2	on	the	fluorescence	 intensity	of	

QDs-modified	paper	substrates	at	pH	=	7	at	different	reaction	time.	

	

One of the most commonly used enzymes for analytical applications is 

glucose oxidase (GOx). This enzyme has been considered a model and 

used thoroughly for the development of numerous biosensors [83]. 

Although a variety of immobilization strategies have been proposed, a 

saturated layer of GOx can be obtained on a variety of substrates in less 

than 60 min by simple adsorption at the isoelectric point of the enzyme 

(pI = 4.2) [90]. GOx oxidizes glucose to gluconolactone and H2O2 in the 

presence of O2 from air. Since the fluorescence of the QDs deposited on 

the paper substrates can be affected by the presence of H2O2, the 

hypothesis of the project was that they could be used as indicators for 

enzymatic reactions via their change in fluorescence. In order to 

maximize the signal of the resulting optical biosensor, the conditions to 
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Although this mechanism has been reported for the analysis of multiple 

analytes it is important to note that the selectivity of the process can be 

limited by secondary 

 

Figure	III.

glucose	by	fluorescence	quenching	of	QD.	

 

Analytical features of glucose detection

In order to measure the influence of 

signal intensity of the QDs

previously optimized conditions), calibration curves were developed 

using standards in the 0

III.2

observed as the glucose concentration increased.

obtained by using these results yielded a sigmoidal

fluorescence with respect to the glucose concentr

dL

calculating the first derivate of the response, as shown in 

This fact demonstrates that the design of CdSe/ZnS QDs modified paper 

spots can be a convenie

of the capabilities of the paper

commercial dietary supplement was performed obtaining a 112 % 

recovery with respect to the declared value.

It was also noted that t

image) decreased, an increase in the blue channed was also observed. 
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Synthesis, modification and analytical uses of CdSe/ZnS QDs 

Critical assessment 

In order to summarize specific features of the described method, 

representative reports describing the analysis of glucose using QDs are 

included in Table III.10. Although other groups have reported LOD that 

are significantly lower than the one obtained with our QD-modified 

paper-based assay, the vast majority of them are based on traditional 

fluorometric detection. Compared to those reports, this method is 

simpler, requires minimal skills and instrumentation, and provides a 

dynamic range relevant to the clinical field. Furthermore, the platform 

herein described does not require chemical modification of the paper 

and/or the QDs. 

 

Table	III.10.	Analytical	figures	of	merit	of	recent	glucose	sensors	based	on	QDs.	

QDs material Features 
Analytical range 

 (mg dL-1) 
LOD (µg·dL-1) Ref. 

Ag2S Photoelectrochemical 2 - 220 0.6 [94] 

CdS-graphene  Non-enzymatic 

photoelectrochemical  

2 - 72 0.1 [95] 

CdTe/TGA  FRET competitive assay 2 - 36 0.5 [96] 

CdS  Bienzymatic substrate 

oxidation of two 

chromogenic agents  

0.009 - 180 (OPD) 

0.002 - 18 (DAB)  

0.002 (OPD) 

0.0004 (DAB)  

[97] 

Mn:CdS/ZnS  Hybrid system-based 

reaction of p-

phenylenediamine with 

H2O2  

0.09 - 180 0.06 [98] 

CdTe@SiO2-Au  Enzyme-mimic 

nanosensor 

0.09 - 3.6 0.02 [99] 

CdTe@PDDA Hybrid system-based on 

quenching  

0.2 - 9 0.09 [77] 

CdSe@IL/copp

er  

Fluorometric method 

with IL/copper as 

catalyst  

0.009 - 1.8 0.002 [100] 

CdSe/ZnS  
Paper-based optical 

5 - 200 5 this 

work 
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CONCLUSIONS 

CONCLUSIONES 

 

 

 

 

he research developed in this Thesis has been focused on the 

synthesis, modification, characterization and analytical uses of 

CdSe/ZnS QDs. From this perspective, the main topics addressed 

in this Thesis have been the development of several strategies for the 

modification of QDs, initially in organic phase, with several ligands for 

the biocompatilization with aqueous medium. On the other hand, the 

analytical potential of these kind of metallic nanoparticles in the 

development of improvement of analytical methodologies for the 

detection and/or quantification of compound of interest in several fields, 

such as food, pharmaceutical, clinical or environmental have also 

addressed.  

Conclusions of this work have been compiled taking into account their 

general and specific connotations. 

T

“He aprendido que los errores pueden ser tan buenos 

profesores como el éxito”.  

Jack Welch 
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General conclusions 

� Although QDs have been widely described so far, the ability to 

provide new analytical methodologies that allow new routes or 

improvements to existing for obtaining compatible QDs with 

aqueous medium, has been demonstrated in this Thesis. On the 

other hand, it has also been possible to determine the degree of 

influence after the modification step and behavior from the point 

of view of characterization and, most important from an 

analytical perspective, which is its ability to use QDs as 

analytical tools in analytical processes of detection and 

quantification. 

� Several analytical methodologies involving QDs as analytical 

tools for the determinations of a wide variety of analytes in 

several samples have been developed and valided: 

o Detection of sulfonylureas. 

o Determination of paraquat in water samples of different 

procedence. 

o Determination of vanillin in food samples. 

o Determination of ascorbic acid in pharmaceutical and 

food samples. 

o Detection of glucose in a food suplement. 

Specific conclusions 

� Sensoring strategies using QDs. A critical view. Review. 

This review, presented from a critical point of view, has 

highlighted the importance and wide variety of sensoring 

strategies involving QDs. In this context, it has addressed the 

recent advances that are being developed in this field, as well as 
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the challenges and opportunities offered. In addition, alternative 

ways to develop new compositions of QDs to allow better 

handling and control of their properties have also shown. 

� Microwave irradiation-assisted modification of water-soluble 

CdSe/ZnS QDs with several thiol ligands. 

A simple and rapid procedure for solubilization of CdSe/ZnS 

QDs in aqueous medium, initially in organic media, using 

microwave irradiation has been developed. This process has 

been optimized for several thiol ligands, such as 3-

mercaptopropionic acid, L-cysteine and cysteamine, which 

provide reactive sites for their subsequent application for 

analytical purposes. In addition, the proposed method allows 

the conservation of QDs in organic media for long periods of 

time and solubilization of the required amount of QDs in 

aqueous medium. This approach opens new possibilities for the 

development of analytical methods using QDs for detection of 

non-fluorescent compounds as possible analytes, as in this case 

sulfonylurea herbicides. 

� Use of 3-mercaptopropionic acid modified CdSe/ZnS QDs for 

sensitive detection and quantificacion of paraquat in water 

samples. 

Sensitive detection and quantification of paraquat with 

improved sensitivity and selectivity with respect to other non-

polar pesticide has been demonstrated. Another important 

aspect was the simpler steps involved in the treatment of the 

sample, using common instrumentation in routine analysis 

laboratories. 

� Different sizes of cyclodextrins modified CdSe/ZnS QDs and 

their potential as analytical tool for the determination of vanillin 

in food samples. 
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A methodology allowing an easy surface modification of QDs 

with cyclic ligands and its compatibility with aqueous medium 

has been developed. Cyclodextrins modified QDs retain the 

ability to recognition and therefore have great potential as 

analytical tools for deteminacion, in this case vanillin in various 

food matrices. 

� Continuous method incorporating β-cyclodextrin modified 

CdSe/ZnS QDs for the determination of ascorbic acid in food 

samples. 

An analytical approach that allows the incorporation of QDs in 

flow systems using its exceptional optical properties has been 

demonstrated. This approach allows low handling 

nanomaterials (considering their high toxicity), an improvement 

in sensitivity, low reagent consumption and a higher sample 

throughput, compared to conventional methods. The 

methodology has been applied to the satisfactory analysis of 

ascorbic acid in pharmaceutical and food samples allowing the 

use of small samples without prior dilution. 

� CdSe/ZnS QDs-modified paper devices for their application in 

glucose screening methods. 

A simple and inexpensive method for the design and fabrication 

of QDs-modified paper devices, exhibing several advantages 

over conventional methods of detection of glucose in solution, 

has been proposed. This methodology could open new 

approaches to use this kind of nanoparticles in the development 

of paper-based analytical devices and their applications in 

biomedical research, particularly as rapid screening methods, 

particularly as glucose screening methods that could be used in 

house-diagnosis. 

� Characterization of CdSe/ZnS QDs by the use of optical and 
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separation techniques. 

The characterization of CdSe/ZnS QDs using optical techniques, 

such as emission and molecular absorption, as well as separation 

methods, as in this case capillary electrophoresis with diode 

array detection to determine the degree of influence of various 

parameters, such as modification procedure, type of ligand 

environment in their optoelectronical properties have carried 

out. 
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a investigación desarrollada en esta Tesis doctoral se ha focalizado en la 

síntesis, modificación y usos analíticos de quantum dots de tipo 

CdSe/ZnS. Desde esta perspectiva, las temáticas principales que han sido 

abordadas en esta Tesis han sido el desarrollo de diversas estrategias para la 

modificación de los QDs, inicialmente en medio orgánico, con diversos ligandos 

para la biocompatibilización con medios acuosos. Por otro lado, el potencial 

analítico de este tipo de nanopartículas metálicas en el desarrollo o mejora de 

metodologías analíticas para la detección y/o determinación de compuestos de 

interés en diversos campos tales como alimentario, farmacéutico, clínico o 

medioambiental también ha sido abordado. 

Las conclusiones de este trabajo han sido compiladas teniendo en cuenta 

connotaciones generales y específicas. 

Conclusiones generales 

� Pese a que los QDs han sido extensamente descritos hasta el momento, 

en esta Tesis se ha demostrado la posibilidad de aportar metodologías 

analíticas que permitan nuevas rutas, o mejoras de las ya existentes 

para obtener QDs compatibles con medios acuosos. Por otro lado, 

también ha sido posible conocer el grado de influencia tras la etapa de 

modificación y su comportamiento desde el punto de vista de su 

caracterización y, más importante desde la perspectiva analítica, que es 

su posibilidad de uso como herramientas analíticas en procesos 

analíticos de detección y cuantificación. 

� Diversas metodologías analíticas usando QDs como herramientas 

fluorescentes para la determinación de una variedad de analitos en 

diversas muestras han sido desarrolladas y validadas: 

o Detección de sulfonilureas. 

o Determinacion de paraquat en muestras de agua de diferente 

L
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procedencia. 

o Determinación de vainillina en muestras de alimentos. 

o Determinación de ácido ascórbico en muestras farmacéuticas y 

de alimentos. 

o Detección de glucosa en suplementos alimentarios. 

Conclusiones específicas 

� Estrategias para la detección usando QDs. Revisión bibliográfica, 

enfocada desde un punto de vista crítico. 

Esta revisión ha puesto de manifiesto la importancia y la gran variedad 

de estrategias de detección involucrando QDs. En este contexto, se han 

abordado los avances recientes que se están desarrollando en este 

ámbito, así como los significantes progresos que se están desarrollando, 

los retos y oportunidades que ofrecen. Además, también se han 

mostrado vías alternativas para el desarrollo de nuevas composiciones 

de QDs que permitan una mejor manipulación y control de sus 

propiedades. 

� Modificación asistida con irradiación microondas de QDs de tipo 

CdSe/ZnS acuosos con diversos ligandos tiol. 

Se ha desarrollado un procedimiento simple y rápido para la 

solubilización en medios acuosos de QDs de tipo CdSe/ZnS, 

inicialmente en medio orgánico, usando irradiación con microondas. 

Este proceso ha sido optimizado para ligandos tiol tales como ácido 3-

mercaptopropiónico, L-cisteína y cisteamina que proporcionan sitios 

reactivos para su posterior aplicación con fines analíticos. Además, la 

metodología propuesta permite la conservación de los QDs en medio 

órganico durante largos periodos de tiempo y la solubilizacion de la 

cantidad necesaria de QDs en medio acuoso. Este enfoque abre nuevas 

posibilidades para el desarrollo de métodos analíticos usando QDs para 



 Conclusiones  

 

259 

la detección de compuestos no fluorescentes, como posibles analitos, 

como en este caso herbicidas de tipo sulfonilureas. 

� Uso de QDs de tipo CdSe/ZnS modificados con ácido 3-

mercaptopropiónico para la sensible detección y cuantificación de 

paraquat en muestras de agua. 

Se ha desarrollado un método de  detección y cuantificación de paraquat 

con una mejora en la sensibilidad y selectividad con respecto a otros 

pesticidas no polares. Otro aspecto importante ha sido la simplicación 

de las etapas involucradas en el tratamiento de la muestra, mediante el 

uso de instrumentación común en un laboratorio de análisis de rutina. 

� Modificación de QDs de tipo CdSe/ZnS con diferentes tamaños de 

cyclodextrinas y su potencial como herramienta analítica para la 

determinación de vainillina en muestras de alimentos. 

Se ha optimizado una metodología que ha permitido una fácil 

modificación de la superficie de los QDs con ligandos cíclicos, y por 

tanto, también su compatibilidad con medios acuosos. Los QDs 

modificados con ciclodextrinas retienen la capacidad de reconocimiento 

y, por tanto, tienen un gran potencial analítico como herramientas para 

la deteminación, en este caso de vainillina en diversas matrices de 

alimentos. 

� Método continuo incorporando QDs de tipo CdSe/ZnS modificados con 

β-ciclodextrinas para la determinación de ácido ascórbico. 

Se ha demostrado un enfoque analítico que permite la incorporación de 

QDs en sistemas de flujo aprovechando sus propiedades ópticas 

excepcionales. Este enfoque permite una baja manipulación de los 

nanomateriales (teniendo en cuenta su elevada toxicidad), una mejora 

en sensibilidad, bajo consumo de reactivos y un mayor procesamiento de 

muestras frente a los métodos convencionales. La metodología 

desarrollada ha sido satisfactoriamente aplicada al análisis de ácido 

ascórbico en muestras farmacéuticas y de alimentos permitiendo el uso 
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de pequeñas cantidades de muestra sin previa dilución. 

� Dispositivos de papel modificados con Quantum Dots de tipo 

CdSe/ZnS para ser aplicados en métodos de cribado de glucosa. 

Se ha propuesto una metodología simple y económica para el diseño y 

fabricación de dispositivos de papel modificados con QDs mostrando 

diversas ventajas con respecto a los métodos convencionales de detección 

de glucosa en disolución. Esta metodología podría abrir nuevos enfoques 

para la utilización de este tipo de nanopartículas en estudios biomédicos, 

particularmente como métodos de cribado de glucosa, que podrían ser 

usados para el diagnóstico en casa.  

� Caracterización de QDs de tipo CdSe/ZnS mediante técnicas ópticas y 

de separación. 

Se han llevado a cabo la caracterización de los QDs de tipo CdSe/ZnS 

mediante el uso de técnicas ópticas, tales como fluorescencia o 

absorbancia, así como métodos de separación, como en este caso 

electroforesis capilar con detección diodo array para determinar el grado 

de influencia de diversos parámetros, tales como procedimiento de 

modificación, tipo de ligandos o el entorno en sus propiedades 

optoelectrónicas. 



 

 

SCIENTIFIC SELF-ASSESSMENT OF 

THE THESIS 

AUTOEVALUACIÓN CIENTÍFICA 

 

 

 

 

he preparation of this Memory, once finalized the experimental 

work, together with the experience gained during the 

development of this Doctoral Thesis, has provided an objective 

over view of the work presented herein. Thus, it is important and 

enriching to carry out a critical assessment of the results achieved and to 

assess, on the one hand, the main contributions that the work can 

provide to the scientific community and, on the ohter hand, the 

drawbacks and shortcomings with a view to planning further 

investigations.  

Note that this Doctoral Thesis has contributed with a total of 6 scientific 

articles (5 of them already published and one in press) as well as a 

variety of communications in national and international conferences. 

The works developed have shown the possibility of using simple 

T

“El aprendizaje es experiencia, todo lo demás es información”.  

Albert Einstein 
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methodologies to carry out the modification of QDs with different 

ligands, for their compatibility with aqueous solutions. On the other 

hand, it has also demonstrated its usefulness as analytical tools for the 

analysis of compounds of interest in several fields, such as 

environmental, food or clinic. However, apart from these contributions 

has also been conducted a critical assessment that takes into account the 

shortcomings and difficulties encountered in the along experimental 

period. 

The main limitations of the developed research are described below: 

The analytical methodology carried out for the use of modified QDs 

with thiol groups for analytical purposes, in this case for the detection of 

pesticides sulfonylureas group, it was not applied to real samples 

because the quantification limits obtained did not reach the allowable 

concentration of these compounds by current legislation. Therefore it 

would be appropriate to carry out a sample treatment step leading to his 

pre-concentration to achieve the required thresholds. 

The characterization of the QDs studied was carried out by using 

microscopic techniques (HRTEM), optical (molecular emission and 

absorption) and separation (EC) based techniques. In this regard, it 

should be noted that the availability of a varied instrumentation would 

have enabled us to conduct a more comprehensible characterization and 

hence a better understanding of the behavior of nanoparticles studied. In 

relation to the separation technique used, it has also been shown that the 

lack of standards that allow us to quickly relate the characteristics of 

QDs with different electrophoretic parameters we also greatly limited its 

field of application. 

The analytical methodology proposed to carry out a possible screening 

method of glucose using QDs modified-paper devices it did not apply to 

real samples, so it would be convenient to carry out studies of this king 

of methodologies in real matrices. 
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In general, from the point of view of the use of such nanomaterials as 

analytical tools, it should be take into account that despite the great 

contributions that may incur, there are still some challenges for 

implementation in laboratories because of their high toxicity, control 

properties, costs, reproducibility and largely biocompatibility 

limitations. Therefore, it is especially important to focus his study to 

propose solutions to these challenges. 

Despite significant limitations that need to still be overcome, it has 

demonstrated its exponential progress in recent decades, and the 

proposal of new challenges and opportunities that these nanomaterials 

offer, so no doubt will involve powerful analytical tools that provide 

solutions to many of the problems that arise at present in different areas. 
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a elaboración de esta Memoria, una vez finalizado el trabajo experimental, 

junto con la experiencia adquirida a lo largo de esta Tesis Doctoral ha 

permitido obtener una visión general y más objetiva de los trabajos 

realizados. Por ello resulta importante y enriquecedor llevar a cabo un análisis 

crítico de los resultados alcanzados y evaluar, por un lado, las principales 

aportaciones que el trabajo realizado puede suponer para la comunidad 

científica, y por otro, las deficiencias y limitaciones del mismo con vistas a 

planificar futuras investigaciones. 

Cabe destacar que la presente Tesis doctoral ha contribuido con un total de 6 

artículos científicos (5 de ellos ya publicados y 1 en proceso de publicación) así 

como una gran variedad de comunicaciones en congresos tanto nacionales como 

internaciones. 

Los trabajos desarrollados han demostrado la posibilidad de utilizar metodologías 

sencillas para llevar a cabo la modificación de QDs con diferentes ligandos para 

su compatibilidad con medios acuosos. Por otro lado, también se ha demostrado 

su utilidad como herramientas analíticas para el análisis de compuestos de 

interés en diversas áreas como medioambiental, alimentaria o clínica. Sin 

embargo, además de estas aportaciones también se ha llevado a cabo una 

evaluación crítica en la que se han tenido en cuenta las carencias y dificultades 

encontradas a lo largo del periodo experimental. 

Las principales limitaciones de la investigación desarrollada se describen a 

continuación: 

La metodología analítica desarrollada para la utilización de QDs modificados 

con grupos tiol con fines analíticos, en el caso de la detección de pesticidas del 

grupo sulfonilureas, no fue aplicada a muestras reales dado que los límites de 

cuantificación obtenidos no llegaban a la concentración permitida de estos 

compuestos por la legislación vigente. Por tanto, sería conveniente llevar a cabo 

una etapa de tratamiento de muestra que condujera a su preconcentración para 

L
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alcanzar los límites requeridos. 

La caracterización de los QDs estudiados se llevó a cabo mediante el empleo de 

técnicas microscópicas (HRTEM), ópticas (emisión y absorción molecular) y de 

separación (EC). En este sentido, se debe tener en cuenta que la disponibilidad de 

una instrumentación variada nos hubiese permitido llevar a cabo una 

caracterización más exhaustiva y, por tanto, una mayor comprensión del 

comportamiento de las nanopartículas estudiadas. En relación con la técnica de 

separación utilizada, además ha quedado demostrado que la falta de estándares 

que nos permitan relacionar de forma rápida las características de los QDs con 

los diferentes parámetros electroforéticos nos limitó también en gran medida su 

campo de aplicación. 

La metodología analítica propuesta para llevar a cabo un posible método de 

screening de glucosa utilizando dispositivos de papel modificados con QDs no se 

aplicó a muestras reales, por lo que sería conveniente llevar a cabo estudios de 

este tipo de metodologías en matrices reales. 

Se puede decir en general que, desde el punto de vista de la utilización de este 

tipo de nanomateriales como herramientas analíticas, se debe tener en cuenta que 

pese a las grandes aportaciones que pueden proporcionar, aún existen ciertos 

retos para su implantación en laboratorios de análisis debido a su elevada 

toxicidad, control de sus propiedades, costes, reproducibilidad y, en gran medida, 

sus limitaciones de biocompatibilidad. Por tanto, es especialmente importante 

focalizar su estudio para proponer soluciones a todos estos retos.  

Pese a las importantes limitaciones que aún deben superarse, ha quedado 

demostrado su avance exponencial en las últimas décadas, así como la propuesta 

de nuevos retos y oportunidades que estos nanomateriales ofrecen, por lo que no 

cabe duda que supondrán potentes herramientas analíticas que den solución a 

muchos de los problemas que se plantean actualmente en los diversos ámbitos. 
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