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0D  Cero dimensional / Zero-dimensional  

1D  Unidimensional / One-dimensional  

2D  Bidimensional / Two-dimensional  

3D  Tridimensional / Three-dimensional  

AFM Microscopía de fuerza atómica / Atomic force microscopy 

CB Banda de conducción / Conduction band 

CE Electroforesis capilar / Capillary electrophoresis 

CGE Electroforesis capilar en gel / Capillary gel electrophoresis 

CNF Nanofibras de carbono / Carbon nanofibers 

CNT Nanotubos de carbono / Carbon nanotubes 

CV Voltametria cíclica / Cyclic voltametry  

CZE Electroforesis capilar de zona / Capillary zone electrophoresis 

DOS  Densidad de estados electrónicos / Density of states 

EDX Espectroscopia de energía dispersiva de rayos X / Energy 
dispersive X-ray spectroscopy 

ET Transferencia de energía / Energy transfer 

FET Transistor de efecto de campo / Field-effect transistor 

FRET Transferencia de energía de resonancia fluorescente / 
Fluorescence resonance energy transfer 

FWHM Ancho de pico a la mitad de altura / Full width at half maximum 

HOMO Orbital molecular mas alto ocupado / Highest occupied molecular 
orbital 

HPA Ácido hexilfosfónico / Hexyl phosphonic acid 

µHPLC Micro-cromatografía líquida de alta resolución / Micro high-
performance liquid chromatography 

HTEM Microscopía electrónica de transmisión de alta resolución / High 
resolution transmission electron microscopy 

LED Dispositivo emisor de luz / Light emitting devices 

LIF Fluorescencia inducida por láser / Laser-induced fluorescence 
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LUMO Orbital molecular mas bajo vacio / Lowest unoccupied molecular 
orbital 

MRI Imágenes de resonancia magnética /Magnetic resonance imaging 

NC Nanocristal / Nanocrystal 

NP Nanopartícula / Nanoparticle 

PBS Buffer fosfato salino / Phosphate saline buffer 

PDA Detector de fotodiodos en línea / Photodiode array detector 

PET Transferencia electrónica fotoinducida / Photoinduced electron 
transfer 

PL Fotoluminiscencia / Photoluminescence 

PTM Fototubo multiplicador / Photomultiplier tube 

QD Quantum Dot 

QY Rendimiento cuántico / Quantum yield 

NMR Resonancia magnética nuclear / Nuclear magnetic resonance 

MWCNT Nanotubos de carbono de pared multiple / Multi-wall carbon 
nanotubes 

SDS Dodecil sulfato de sodio / Sodium dodecyl sulphate 

SEM Microscopia electrónica de barrido / Scanning electron 
microscopy 

SERS Espectroscopia Raman amplificada por superficie / Surface 
enhanced Raman spectroscopy 

SWCNT Nanotubos de carbono de pared simple / Single-wall carbon 
nanotubes 

TEM Microscopía electrónica de transmisión / Transmission electron 
microscopy 

TOP Trioctilfosfina / Tri-n-octyl-phosphine 
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TSB Medio de cultivo de triptosa / Tryptosa soya broth 

VB Banda de valencia / Valence band 

XRD Difracción de Rayos X / X-ray diffraction 
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El desarrollo de la Nanociencia y Nanotecnología ha provocado un nuevo 

marco dentro de la ciencia y la tecnología. La Química Analítica ha experimentado, 

al igual que otras áreas de la ciencia, un gran cambio gracias a las necesidades y 

oportunidades que proporciona la Nanociencia y Nanotecnología Analíticas. Por 

una parte, el crecimiento exponencial del empleo de nanopartículas en la industria 

que esta teniendo lugar en los últimos años provoca y demanda la aparición de 

métodos de análisis en la nanoescala para la caracterización y análisis de 

productos, control medioambiental y estudios toxicológicos. Por otra parte, la 

posibilidad del empleo de nanopartículas con propiedades excepcionales permite el 

desarrollo de nuevas estrategias de análisis o mejora de las ya existentes, para el 

control analítico de compuestos de interés medioambiental, alimentario, clínico o 

toxicológico. Estos dos aspectos son los que se abordan en lo que hoy 

denominamos “Nanociencia y Nanotecnología Analíticas”. 

En esta Tesis Doctoral se pretende realizar nuevas aportaciones al papel de los 

Puntos Cuánticos o Quantum Dots (QDs) en la Nanociencia y Nanotecnología 

Analíticas. Este objetivo general se concreta en los tres objetivos específicos 

siguientes: 

1) Contribuir al conocimiento de los QDs para fomentar su empleo, incluyendo 

tanto el desarrollo de nuevas metodologías de caracterización de QDs, como 

el estudio de sus características y fenómenos particulares. 

2) Desarrollar nuevas metodologías analíticas basadas en QDs para la mejora de 

los procesos (bio)químicos de medida, es decir, el empleo de los QDs como 
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herramienta analítica. Las estrategias de análisis, además de explotar las 

propiedades fotoluminiscentes, aprovecharan otras propiedades 

excepcionales de los QDs con objeto de proponer nuevas posibilidades 

innovadoras. 

Dentro de este objetivo específico también se pretende desarrollar 

estrategias novedosas de funcionalización de QDs que permitan obtener una 

respuesta específica o selectiva al analito de interés, evitando el empleo de 

las ya ampliamente utilizadas biomoléculas de reconocimiento selectivo, 

como por ejemplo anticuerpos o material genético. 

3) Sintetizar, caracterizar y emplear nuevas nanopartículas hibridas derivadas 

de QDs que ofrezcan nuevas oportunidades para la mejora y desarrollo de 

métodos de análisis. 

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

investigación de nuestro grupo denominada “Nanociencia y Nanotecnología 

Analíticas”, tratándose de la primera Tesis Doctoral dedicada a Puntos Cuánticos ó 

Quantum Dots realizada en el Departamento de Química Analítica de la 

Universidad de Córdoba, hecho que le otorga un grado de innovación importante. 
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The development of Nanoscience and Nanotechnology has prompted a new 

framework in Science and Technology. Analytical Chemistry has experienced, just 

like other areas of science, a major change because of the needs and opportunities 

of the Analytical Nanoscience and Nanotechnology. On the one hand, the 

exponential growth of the use of nanoparticles in the industry that is taking place in 

recent years demands the development of analytical methods in the nanoscale for 

the characterization and analysis of products, environmental monitoring and 

toxicological studies. On the other hand, the possibility of using nanoparticles with 

unique properties allows the development of new strategies of analysis or the 

improvement of existing ones, for the analytical control of compounds of 

environmental, food, clinical or toxicological interest. These two aspects are 

addressed in what is now called "Analytical Nanoscience and Nanotechnology". 

The main aim of this Doctoral Thesis is to make new contributions to the role of 

Quantum Dots (QDs) in Analytical Nanoscience and Nanotechnology. This general 

objective is addressed in the following three specific objectives: 

1) To contribute to the knowledge of the QDs to encourage their use, including 

both the development of new methodologies for the characterization of QDs, 

as the study of their unique characteristics and phenomena. 

2) To develop new analytical methodologies based on QDs for the improvement 

of (bio)chemical measurement processes, i.e., the use of QDs as an analytical 

tool. The strategies of analysis, in addition to exploiting the photoluminescent 
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properties, will take advantages of other exceptional properties of QDs in 

order to propose new innovative possibilities. 

Within this specific objective also aims to develop novel strategies for 

functionalization of QDs to obtain a specific or selective response to the 

analyte of interest, avoiding the use of the already widely used biomolecules 

of selective recognition such as antibodies or genetic material. 

3) To synthesize, characterize and use novel hybrid nanoparticles derived from 

QDs which offer new opportunities for improving and developing of methods 

of analysis with analytical applications of interest. 

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

research line of our group named "Analytical Nanoscience and Nanotechnology". 

This is the first Doctoral Thesis devoted to Quantum Dots in the Department of 

Analytical Chemistry at the University of Córdoba, fact that gives a degree of 

significant innovation.  
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I.1. NANOCIENCIA Y NANOTECNOLOGÍA 

En esta última década hemos asistido a la irrupción de la Nanociencia y la 

Nanotecnología como áreas punteras de investigación. Tanto es así que muchos 

expertos en el tema ya hablan de una nueva revolución industrial, y no dudan en 

considerar a la Nanotecnología como "La Revolución Industrial del Siglo XXI" [1-3]. 

La Nanotecnología no sólo es una línea de investigación con un gran porvenir, 

sino que ya es una realidad y ha comenzado a proporcionar sus primeras 

aplicaciones comerciales en diversos sectores (electrónica, automoción, material 

deportivo, cosmética, etc.). Algunos ejemplos de productos con nanotecnología 

(denominados “productos nanotecnológicos”) ya comercializados son: 

 Gafas de sol que no se rayan, usando tejidos de polímeros ultrafinos con 

propiedades protectoras y anti-reflejantes. 

 Raquetas de tenis que incrementan su flexibilidad y su resistencia gracias a 

nanotubos de carbono. 

 Cera para esquíes de alto rendimiento que incrementa la velocidad de 

deslizamiento. 

 Catalizadores para algunos coches que ayudan a cuidar el medio ambiente. 

 Productos cosméticos más eficaces y protectores. L’Oreal comercializa unas 

lociones que están granuladas por debajo de 50 nm, con lo que permiten que 

pase la luz y, por tanto, aportan una mayor sensación de pureza y limpieza. 
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Aunque a día de hoy todavía son relativamente pocos los productos comerciales 

con nanotecnología, y limitados a algunos sectores, los investigadores opinan que 

es cuestión de tiempo que éstos se vayan incorporando a muchos aspectos de la 

vida cotidiana. De hecho, se estima que las ventas de productos que incorporen 

nanotecnología aumentarán hasta el 15 % para el año 2014 [4]. 

El primero en vislumbrar y llamar la atención en el interés de esta nueva 

ciencia fue Richard Feynman, premio Nobel de Física, en su famosa conferencia que 

dio en el Caltech (Instituto Tecnológico de California) ante la American Physical 

Society en diciembre de 1959, y titulada "There's Plenty of Room at the Bottom" 

(“Hay mucho sitio por debajo”). En aquella disertación, Feynman afirmó "Los 

principios de la física, que yo sepa, no están en contra de la posibilidad de 

manipular cosas átomo por átomo", destacando así los beneficios que supondría 

para la sociedad la capacidad de atrapar y situar átomos y moléculas en posiciones 

determinadas, y fabricar artefactos con una precisión de unos pocos átomos. Sin 

embargo, el término nanotechnology fue acuñado por el profesor Norio Taniguchi 

de la Universidad de Tokyo en 1974, en su artículo "On the Basic Concept of Nano-

Technology", con el objetivo de distinguir entre la ingeniería llevada a cabo a escala 

micro (10-6) y la llevada a cabo a escala nano (10-9), una diferencia nada 

desdeñable. Posteriormente, gracias a Eric Drexler del Massachusetts Institute of 

Technology, este término se popularizó a raíz de su libro "Engines of Creation", 

publicado en 1986. 
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1.1. Qué son la Nanociencia y Nanotecnología 

Definir la Nanociencia y Nanotecnología no es una tarea fácil. Se pueden 

encontrar muchas definiciones parecidas, aunque con diferentes matices, por lo 

que aquí nos centraremos en dar las que consideramos más acertadas y completas 

[5-8]. Tanto la Nanociencia como la Nanotecnología tienen como característica 

común que el tamaño de los objetos-diana están comprendidos en la denominada 

“escala nanométrica”. Se admite de forma general que la nanoescala está 

comprendida ente 1 y 100 nm (10-9–10-7 m). 

Se puede definir la Nanociencia como: “La ciencia de la síntesis, análisis y 

manipulación de materiales a nivel atómico o molecular, donde las características o 

propiedades físicas o químicas son sustancialmente diferentes a las presentadas por 

el mismo material a una escala mayor (micro o macro)”, o simplemente: “La ciencia 

basada en diversas estructuras de la materia que tienen dimensiones de una 

milmillonésima parte del metro”. 

Por otra parte, la Nanotecnología: “trata de las aplicaciones emergentes 

derivadas de la Nanociencia, es decir, trata del diseño, caracterización y uso de 

estructuras de dispositivos y de sistemas, cuya forma y tamaño se controlan en la 

nanoescala”. 

Un aspecto que merece una mención especial de la Nanociencia y la 

Nanotecnología es su carácter transversal, multidisciplinar, lo que le permite 

converger con otras áreas de investigación. En su desarrollo colaboran especialistas 

en materiales con ingenieros mecánicos y electrónicos, médicos, biólogos, físicos 

y/o químicos. Un nexo común que une a estos investigadores es la necesidad de 

compartir conocimientos sobre métodos y técnicas de distintas áreas del 
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conocimiento, combinándolos especialmente con conocimientos sobre las 

interacciones atómicas y moleculares en este nuevo territorio de la ciencia.  

La Figura I.1-1 ilustra que, dada la fuerte convergencia de la Nanotecnología 

con las diferentes áreas de conocimiento, como son la Electrónica, la Biotecnología, 

la Química, la Medicina, la Ingeniería, la Metrología, etc., la investigación en 

Nanotecnología se diversifica en distintas áreas científico-técnicas. En la parte 

inferior de la figura se muestran tópicos transversales que afectan a todo el 

conjunto de áreas y que deben ser tenidos en cuenta por su importancia. 

 

Figura I.1-1. Principales áreas científico-técnicas de investigación en 
Nanotecnología. 

Por la gran relevancia del nuevo paradigma nanotecnológico, la 

interdisciplinariedad entre los diferentes ámbitos científicos y productivos, el 

impacto en términos del crecimiento económico, el bienestar social y el modo de 
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vida de los seres humanos, así como también, los riesgos potenciales de los nuevos 

hallazgos, los gobiernos de diversos países destinan un gasto sustancial a la 

investigación y desarrollo (I&D) de las nanotecnologías. El esfuerzo de los 

gobiernos, en función de sus sistemas nacionales de innovación particulares, se 

dirige a promover la integración de equipos de investigación, el vínculo entre 

universidades y empresas, el establecimiento de redes de investigadores 

nacionales y algunos casos internacionales y el fortalecimiento de los laboratorios 

de investigación con la finalidad de obtener nuevos hallazgos científicos y 

tecnológicos. Desde finales de los años noventa, los gobiernos de los países 

industrializados iniciaron un financiamiento progresivo en I&D para el desarrollo de 

las nanociencias y las nanotecnologías, con una ventaja por parte de Estados 

Unidos. En este país, el gobierno lanzó en el año 2000, la Nanotechnology National 

Initiative (NNI). Otros países pusieron en marcha iniciativas semejantes: Japón 

(abril 2001), Corea del Sur (julio 2001), Comunidad Europea (marzo 2002), 

Alemania (mayo 2002), China (agosto 2002), Taiwán (septiembre 2002). En la 

actualidad más de treinta de países cuentan con programas o estrategias de 

desarrollo nanotecnológicas respaldadas con cuantiosas aportaciones públicas. 

1.2. Impacto en la Química Analítica: Nanotecnología Analítica 

Como era de esperar, esta “revolución nanotecnológica” no ha dejado 

indiferente a la investigación en la Química Analítica. De hecho en las definiciones 

de Nanociencia y Nanotecnología dadas anteriormente se plasma el rol de la 

Química Analítica en este contexto con palabras propias de esta disciplina, como 

“análisis” y “caracterización” y otras compartidas, como “uso o empleo”, que 

resumen las dos facetas clave de la relación biunívoca entre la Química Analítica y 

la Nanociencia y Nanotecnología, que son las siguientes:  
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A) la consideración de las nanopartículas y el material nanoestructurado como 

objetos (analitos).  

A1. Por una parte, la consideración de la nanomateria como analito requiere 

de métodos analíticos que permitan detectar y/o cuantificar nanopartículas en 

diferentes tipos de muestras. Tal es el caso por ejemplo del desarrollo de 

metodologías analíticas para la determinación de nanopartículas de fullerenos en 

muestras medioambientales dado su posible carácter nanotoxicológico. 

A2. Por otra parte, la caracterización química de esta nueva generación de 

nanomateriales (p.ej. de materiales recubiertos con películas con espesores de tan 

solo unos pocos nanómetros) requiere del desarrollo y puesta a punto de nuevos 

métodos analíticos apropiados para su caracterización química. En este sentido, la 

correcta caracterización es de gran importancia para la incorporación de estos 

nanomateriales en aplicaciones industriales, como por ejemplo el empleo de 

materiales reforzados con nanotubos de carbono en la industria aeronáutica. 

B) la consideración de las nanopartículas y el material nanoestructurado como 

herramientas para la innovación y mejora de los procesos (bio)químicos de medida. 

Los nuevos materiales y productos preparados en escala nanométrica presentan 

novedosas e interesantes propiedades que los hacen muy diferentes a los 

materiales tradicionales. Por eso no sorprende que este tipo de materiales 

nanoestructurados estén siendo estudiados a fondo y utilizados, cada vez con 

mayor profusión, en el diseño de nuevas metodologías analíticas (p.ej. desarrollo 

de (bio)sensores ópticos, desarrollo de fases estacionarias en cromatografía y 

pseudoestacionarias en electroforesis capilar, sensores electroquímicos, sensores 

mecánicos, etc.). Dentro del empleo de la nanomateria como herramienta analítica 

pueden distinguirse dos casos: 
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B1. La incorporación del carácter nanotecnológico para la mejora de las 

propiedades analíticas, tanto básicas (precisión, sensibilidad y selectividad) como 

máximas (exactitud, representatividad) y productivas (rapidez, costes y factores 

personales), en procesos analíticos ya descritos. 

B2. El desarrollo de metodologías analíticas innovadoras que traten de 

resolver problemas analíticos inabordables sin la aproximación nanotecnológica, 

gracias a la explotación de las propiedades excepcionales de la nanomateria. 

En base a esto pueden distinguirse diferentes líneas de investigación 

relacionadas con la Nanociencia y nanotecnología y englobadas dentro del campo 

de la Química Analítica, y que por tanto constituyen los pilares de lo que 

denominamos Nanotecnología Analítica. En la Figura I.1-2 se ilustran estas líneas 

de investigación que son la base de la Nanotecnología Analítica. 

 

Figura I.1-2. Conexión de la Química Analítica con la Nanociencia y 
Nanotecnología. Líneas de investigación de la Nanotecnología Analítica. 
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1.3. Nanomateriales y nanopartículas: particularidades y tipos 

El término Nanomateriales engloba todos aquellos materiales desarrollados 

con al menos una dimensión en la escala nanométrica. Cuando esta longitud es, 

además, del orden o menor que alguna longitud física crítica, tal como la longitud 

de Fermi del electrón, la longitud de un monodominio magnético, o el radio 

atómico de Bohr, etc., aparecen propiedades nuevas que permiten el desarrollo de 

materiales y dispositivos con funcionalidades y características completamente 

nuevas.  

En esta área, por lo tanto, pueden identificarse una amplia variedad de 

materiales como son agregados atómicos inferiores a 100 nm (clusters), partículas 

de hasta 100 nm de diámetro (nanopartículas), fibras con diámetros inferiores a 

100 nm (nanofibras), estructuras tubulares con diámetros inferiores a 100 nm 

(nanotubos), láminas o capas delgadas de espesor inferior a 100 nm (nanoláminas 

o nanocapas), materiales nanoporosos, superficies nanomoduladas, materiales 

nanoestructurados, y materiales compuestos conteniendo alguno de estos 

elementos (nanocompuestos, nanocomposites, nanopolímeros). La composición 

del material puede ser cualquiera, encontrando ejemplos de carbono, silicatos, 

carburos, nitruros, óxidos, boruros, seleniuros, teluros, sulfuros, haluros, aleaciones 

metálicas, intermetálicos, metales, polímeros orgánicos y materiales compuestos. 

El área de aplicación de los nanomateriales es por lo tanto de carácter 

horizontal, con influencia en prácticamente todos los sectores socio-económicos, 

desde Sanidad y Salud hasta Energía pasando por Textil, Tecnologías de la 

Comunicación e Información, Seguridad, Transporte, etc. La National Science 

Foundation de EE.UU. estima que la nanotecnología moverá en 2015 un billón 
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(1012) de dólares en el mundo, representando el segmento de nanomateriales el 

31% del total. 

En la fabricación de nanomateriales se pueden distinguir dos aproximaciones: 

a) “top-down” (de arriba a abajo), y b) “bottom-up” (de abajo hacia arriba) (ver 

esquema de la Figura I.1-3). Mientras que la primera se basa en métodos en los que 

se busca lo pequeño a partir de lo grande, táctica usualmente empleada ya en las 

industrias, la segunda aproximación, la verdaderamente revolucionaria es la que 

busca crear complejidad a partir de elementos funcionales atómicos y moleculares, 

de un modo similar a la creación de la vida en nuestro planeta. En este sentido el 

área de los nanomateriales está estrechamente relacionada con la Nanoquímica ya 

que la preparación de materiales por rutas sintéticas, ascendentes ó bottom-up, 

permite un grado de control de tamaño y propiedades muy difícil de conseguir, e 

inalcanzable en algunos casos, con técnicas más físicas de reducción de tamaño, 

top-down. 

 

Figura I.1-3. Representación esquemática de las dos aproximaciones en la 
fabricación de nanomateriales “top-down” y “bottom-up”. 
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Clasificación de nanomateriales 

La amplia variedad de nanomateriales puede clasificarse según distintos 

criterios no excluyentes, siendo los tres siguientes los más importantes: 

 Según homogeneidad. La homogeneidad puede referirse tanto a su 

composición química como a la dimensionalidad, aunque ambos están 

relacionados. Nanoestructuras idénticas son aquellas que tienen idéntica 

composición química y, además, sus dimensiones son iguales. Sin embargo, 

nanopartículas con idéntica composición química pero con diferentes dimensiones 

van a presentar por lo general propiedades diferentes.  

 Según naturaleza. La naturaleza o composición química de las 

nanoestructuras puede ser inorgánica (ej. nanopartículas de silica, puntos 

cuánticos, etc.), orgánica (ej. nanotubos de carbono, fullerenos, dendrímeros, etc.) 

o mixta (ej. puntos cuánticos modificados con calixarenos, nanopartículas de oro 

funcionalizadas con ciclodextrinas, etc). 

 Según dimensionalidad. Este es el criterio más popular para la clasificación 

de los nanomateriales. Se establecen así cuatro categorías: 0D, 1D, 2D y 3D, 

indicándose con esta nomenclatura cuántas de las dimensiones de la 

nanoestructura superan el rango de la nanoescala. 

- Nanoestructuras 0D. Se trata de un material que está completamente 

nanoestructurado y cuyas dimensiones globales están también comprendidas 

en la escala nanométrica. Así, las nanopartículas metálicas y sus óxidos y los 

puntos cuánticos pueden considerarse en este apartado. 

- Nanoestructuras 1D. Una de las dimensiones del material nanoestructurado es 

de tamaño micro/macrométrico. Tal es el caso de los nanotubos de carbono, 
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cuya longitud oscila entre 5 y 15 μm, los nanoalambres (nanowires) y las 

nanovarillas (nanorods). 

- Nanoestructuras 2D. Dos de las dimensiones del material nanométrico son de 

tamaño micro/macrométrico, mientras que la otra esta comprendida en la 

nanoescala. Tal es el caso de los nanorrecubrimientos superficiales y las 

películas delgadas de nanocapas moleculares. 

- Nanoestructuras 3D. Las tres dimensiones del material son superiores a 100 

nm, pero está formado por un conjunto de nanoestructuras de los grupos 

anteriores. Es decir, se trata de nanopartículas ensambladas formando 

bloques de tamaño micro/macrométrico. Se consideran también en este 

apartado los polvos y las estructuras fractales. 

Principales tipos de nanomateriales 

 Cuatro son las principales clases en las que en general son clasificados los 

nanomateriales y esta es la clasificación actual propuesta por la Agencia del 

Medioambiente de los EE.UU.: 

 1.-Materiales de base de carbón. Están compuestos mayoritariamente por 

carbono y suelen adoptar formas como esferas huecas, elipsoides o tubos. Los 

nanomateriales de carbono con forma elipsoidal o esférica se conocen como 

fullerenos, mientras que los cilíndricos reciben el nombre de nanotubos. Sus 

propiedades fundamentales son su reducido peso y su mayor dureza, elasticidad y 

conductividad eléctrica.  

2.-Materiales de base metálica. Incluyen puntos cuánticos, nanopartículas de 

oro, plata y óxidos metálicos como el dióxido de titanio.  

3.-Dendrímeros. Son polímeros de tamaño nanométrico construidos a partir de 

unidades ramificadas, es decir, a modo de árbol en el que las ramas crecen a partir 



BLOQUE I. Introducción 

 

 

24 

 

de otras y así sucesivamente; las terminaciones de cada cadena de ramas pueden 

diseñarse para ejecutar funciones químicas específicas (una propiedad útil para los 

procesos catalíticos). Además, debido a que los dendrímeros tridimensionales 

contienen cavidades interiores en las que se pueden introducir otras moléculas, 

pueden ser útiles para la administración de fármacos. 

4.-Composites. Combinan ciertas nanopartículas con otras o con materiales de 

mayor dimensión; el caso de arcillas nanoestructuradas es un ejemplo de uso 

extendido. 

Tabla I.1-1. Clasificación y principales tipos de nanomateriales 

NANOMATERIALES 

CLASIFICACIÓN TIPOS 

 Según homogeneidad 

- Homogéneas en composición y dimensión 
- Homogéneas en composición y 

 heterogéneas en dimensión 
- Heterogéneas en composición y dimensión 

 Según naturaleza 

- Inorgánica 
- Orgánica 
- Mixta 

 Según dimensionalidad 

- Nanoestructuras 0D 
Nanopartículas metálicas 
Quantum dots 

- Nanoestructuras 1D 
Nanohilos 
Nanovarillas 
Nanotubos 

- Nanoestructuras 2D 
Nanoláminas, nanocapas 

- Nanoestructuras 3D 
Bloques 
Polvos 
Fractales 
Material nanoporoso 
 

1.-Materiales de base de carbono 

- Fullerenos 

- Nanotubos  

- Nanofibras 

- Nanoespumas 

- Nanodiamantes 

- Nanocebollas 

- Nanoconos 

2.-Materiales de base metálica 

- Nanopartículas de plata 

- Nanopartículas de oro 

- Nanoparticulas óxidos metálicos 

- Quantum dots 

3.-Dendrímeros 

- PAMAM (PoliAMidoAMina) 

4.-Composites 

- Nanoarcillas 

- Nanosilicatos 

- Nanopolimeros 
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Particularidades de las nanopartículas 

Los dos principales factores que influyen en el paso de las micropartículas a las 

nanopartículas y que, por tanto, proporcionan propiedades especiales son los 

siguientes: 

- La disminución del tamaño de las partículas hace que actúen preferentemente 

los efectos cuánticos. Esta transición de la física clásica a la física cuántica no es 

muy gradual, sino que, una vez que las partículas alcanzan un determinado tamaño 

(por disminución), comienzan a comportarse según la mecánica cuántica. El 

confinamiento electrónico produce la aparición de un conjunto nuevo de estados 

cuánticos discretos, llamados estados de pozo cuántico, cuya ocupación secuencial 

por los electrones resulta en que muchas propiedades físicas oscilen con el tamaño 

del objeto. Esto es lo que se conoce como efectos de tamaño cuántico. Según si el 

confinamiento cuántico se produce en una o más direcciones, el cambio en la 

densidad de estados electrónicos de la nanopartícula es diferente (Figura I.1-4-A). 

-  Incremento de la relación superficie/volumen. Las nanopartículas tienen una 

superficie específica muy grande, en donde los átomos superficiales son 

normalmente muy reactivos. Esta característica es la causa de muchas de las 

interesantes y en ocasiones inesperadas propiedades de las nanopartículas.  

Al disminuir el tamaño de la nanopartícula, el porcentaje de átomos en la superficie 

llega a ser significativo en relación con el número de átomos en el interior. La 

relación entre el número de átomos superficiales y el tamaño de la partícula es de 

tipo exponencial como se observa en la Figura I.1-4-B. A medida que disminuye el 

tamaño de la partícula, el área superficial por unidad de masa aumenta, lo que se 

traduce en un mayor número de átomos en la superficie. Por ello, las propiedades 
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relacionadas con la superficie, como las eléctricas, mecánicas, magnéticas, ópticas 

o químicas de los nanomateriales son muy diferentes a las de los mismos 

materiales a escala no nanométrica.  

 

Figura I.1-4. (A) Estructura electrónica: Efectos cuánticos debidos al 
confínamiento; (B) Variación en la proporción de átomos superficiales en función 
del tamaño de un Quantum Dot. 

Como consecuencia de sus propiedades únicas y excepcionales, las 

nanopartículas pueden comportarse como nuevo producto químico en 

comparación con materiales químicamente idénticos. 
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I.2. QUANTUM DOTS (QDs) 

Los Quantum Dots son un tipo de nanopartículas inorgánicas que han recibido 

una atención exponencialmente creciente en los últimos años. Este interés por los 

QDs crece en quienes trabajan en la generación del conocimiento, haciéndose 

patente en el incremento de trabajos científicos que anualmente se registran con la 

palabra clave “quantum dots” en el buscador ISI Web of KnowledgeSM (Figura I.2-1). 

 

Figura I.2-1. Registro de artículos científicos con la palabra clave  
“quantum dots” en la base de datos ISI Web of Science (enero 2011). 

Antes de empezar es importante resaltar que existe una nomenclatura muy 

diversa para referirse a los puntos cuánticos, entre las que se encuentran las 

siguientes: nanopartículas semiconductoras, nanocristales de semiconductores, 

semiconductores nanométricos, puntos cuánticos, e incluso átomos artificiales. Sin 

embargo, el término por excelencia es sin duda el de “Quantum Dots” (abreviado 

con las siglas “QDs”), por lo que este es el que emplearemos a lo largo de la 

presente Tesis doctoral. 
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2.1. Qué son los QDs 

Los Quantum Dots (QDs) son cristales tridimensionales de semiconductores 

con un intervalo de tamaño entre 1 y 10 nm. Se tratan de nanoestructuras 0D ya 

que contienen todas sus dimensiones en el rango de la nanoescala. En estas 

nanoestructuras los portadores de carga (electrones y huecos) atrapados en su 

interior están sujetos a un confinamiento espacial (en las tres dimensiones) tan 

fuerte que sus niveles energéticos exhiben separaciones de hasta decenas de 

milielectronvoltios, con lo que sus niveles de energía pasan a ser discretos. 

El hecho de que se produzca este confinamiento cuántico es porque estas 

nanopartículas poseen un tamaño comparable al radio del excitón de Bohr, que es 

del orden de 10 nm en la mayoría de los semiconductores [1-4]. O lo que es lo 

mismo, tienen un tamaño comparable o incluso menor que la longitud de onda 

asociada de De Broglie de sus portadores (electrones y huecos), lo que conlleva un 

comportamiento cero-dimensional (discreto) de sus propiedades. 

En los semiconductores de tamaño superior al radio del excitón de Bohr, la 

distancia entre la banda de conducción y la banda de valencia determina la energía 

mínima que ha de tener un electrón para pasar de la banda de valencia (completa) 

a la banda de conducción (mayoritariamente vacía), generando un hueco y por 

tanto una carga positiva en la banda de valencia. Esta energía se denomina banda 

de energía prohibida (Band-gap ó Eg). La separación espacial (radio de Bohr) de este 

par electrón-hueco (“excitón”) es fija para cada componente, debido a la 

continuidad entre los niveles de energía y al mayor número de átomos. Debido a 

esto, cuando un electrón, después de haber pasado gracias a la aportación de 

energía externa (luz, calor…) a la banda de conducción regresa a la banda de 

valencia emite radiación en una longitud de onda característica y fija. Sin embargo, 
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reduciendo las dimensiones del cristal semiconductor hasta tamaños del orden del 

radio del excitón de Bohr de dicho compuesto, los excitones se hallan por 

confinados del mismo modo que el que se corresponde con un modelo cuántico de 

una partícula en una caja, y por tanto los niveles de energía pasan a ser discretos y 

finitos [5-7]. En la Figura I.2-2(A) se muestra el esquema de la estructura de bandas 

y niveles de energía de un QD. Como consecuencia de este confinamiento cuántico, 

las propiedades de los QDs propiedades ópticas dependerán de su tamaño y 

estarán gobernadas por los efectos cuánticos resultantes de la cuantización de sus 

niveles energéticos, con un comportamiento que se asemeja al de los átomos y 

moléculas. 

 

Figura I.2-2. (A) Esquema de la estructura de bandas y niveles de energía de un 
quantum dot (QD). (B) Efecto de confinamiento cuántico en la estructura de 
bandas al aumentar el tamaño del QD.  

Debido al menor número de átomos en los QDs, contienen solamente unos 

pocos miles de átomos, la distancia entre las bandas de conducción y valencia es 

mayor que en el componente no nanoestructurado, lo que provoca que la 

radiación emitida sea de un color más azulado (más energía). Además, el tamaño 
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del cristal es tan pequeño que la adición o sustracción de átomos modifica la 

distancia entre las bandas de conducción y de valencia y con ello la energía Eg 

asociada a la transición de los electrones, como se observa en la Figura I.2-2(B). De 

esta forma es posible controlar la longitud de onda de la luz que se emite con el 

tamaño del nanocristal: a medida que disminuye el tamaño del nanocristal de QD, 

aumenta su valor de Eg, la radiación luminiscente emitida será de mayor energía, es 

decir de menor longitud de onda. Esta interesante característica hace posible 

obtener QDs con idéntica composición química pero con un amplio intervalo de 

longitudes de onda de emisión. Cuanto más pequeño es el tamaño del mismo, 

mayor será su desplazamiento (absorción y emisión) hacia la zona azul (efecto 

hipsocrómico) [8]. Por ejemplo, el máximo de emisión de los CdSe QDs puede 

ajustarse de manera casi continua entre 450 y 650 nm [9].  

2.2. Composición, Tipos y Estructura de QDs 

En principio cualquier átomo en solitario podría ser perfectamente un punto 

cuántico. Sin embargo, con los medios actuales no se puede trabajar con átomos 

individualmente a escala industrial; fundamentalmente se trabaja con estructuras 

de GaAs, AlGaAs, cadmio, selenio y zinc, si bien en el primer punto cuántico se 

utilizó carbono y el desarrollo de éstos todavía sigue vigente. 

Los QDs más comunes son los compuestos semiconductores binarios formados 

por elementos de los grupos II-VI de la Tabla Periódica, es decir, sulfuro de cadmio 

(CdS), seleniuro de cadmio (CdSe), teluro de cadmio (CdTe), seleniuro de zinc 

(ZnSe), sulfuro de plomo (PbS), y el mercurio sulfuro (HgS), y de los grupos III-V, 

como son, el fosfuro de indio (InP), el nitruro de galio (GaN), arseniuro de indio 

(InAs), etc. También hay QDs compuestos por un solo elemento (por ejemplo, 
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como el silicio o el carbono), o de elementos ternarios con dos de ellos en 

cualquiera de los sitios de cationes o aniones (como CdZnS, CdSSe, CdTeSe y InNP). 

Todas estas composiciones son QDs con la energía de banda prohibida menor 

de 4 eV, por lo general. Como nanocristales, los QDs tienen los átomos alineados 

periódicamente con cierta estructura de la red cristalina. La estructura de los QDs 

depende del mecanismo de crecimiento, la presión y la temperatura aplicada. Por 

ejemplo, los QDs de CdS y CdSe suelen tener estructura cúbica blenda de zinc ó la 

estructura hexagonal wurtzita a temperatura ambiente, como se muestra en la 

Figura I.2-3 (A) y (B), respectivamente. Debido a la tensión superficial que se 

produce como consecuencia de la gran superficie en relación al volumen 

inherentes a las nanopartículas, se produce una distorsión de la superficie del QD, 

por lo que es un poliedro casi esférico.  

 
Figura I.2-3. Esquema de los dos tipos de estructuras cristalinas en que                
se pueden presentar los QDs de CdSe: (A) blenda de zinc y (B) wurtzita. 

Los avances de los estudios recientes hacen posible el control de los tamaños y 

formas de los QDs y de sus estructuras internas (núcleo-coraza, core-shell) [10, 11]. 

De esta forma lo más habitual hoy día es trabajar con QDs de estructura tipo 

núcleo-coraza, también denominadas core/shell, siendo las más usadas las 

siguientes composiciones: CdSe/ZnS, CdSe/CdS y ZnSe/ZnS. 
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Dependiendo de la posición relativa de las bandas de los materiales que 

forman el núcleo y la coraza, hay dos tipos básicos de QDs núcleo-coraza (QDs 

core/shell), dentro de los cuales pueden distinguirse a su vez subtipos, como se 

ilustra en los esquemas de la Figura I.2-4. En las estructuras tipo I tanto el electrón 

(círculo sólido) y el hueco (círculo abierto) se localizan en la misma región y pueden 

recombinarse con gran rapidez. Cuando el borde de la banda de valencia del núcleo 

es mayor que el de la coraza y el borde de la banda de conducción (CB) del núcleo 

es menor que que el de la coraza, el electrón y el hueco se confinan en el núcleo. 

Esta es la estructura más frecuente y es la presentan los QDs de CdSe/ZnS y 

CdS/ZnS. El otro subtipo, denominado tipo I-reverso, es aquel en el que el bandgap 

de la coraza es menor que el del núcleo, y dependiendo del grosor de la coraza, el 

electrón y el hueco se confinan parcial o completamente en la coraza. A este grupo 

pertenecen los QDs de CdS/HgS, CdS/CdSe y ZnSe/CdSe. Por el contrario, si tanto la 

banda de valencia como la de conducción del núcleo son más altos o más bajos que 

los de la coraza, el electrón y el hueco son propensos a ser separados en el espacio 

entre el núcleo y la coraza de los estados de menor energía, resultando en una 

mayor duración de excitones antes de la recombinación y dando lugar a una 

estructura tipo II. Los QDs de CdTe/CdSe y CdSe/ZnTe son del tipo II [12-14].   

 

Figura I.2-4. Esquemas de los distintos tipos de estructuras de QDs núcleo-coraza.  
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La estructura general de un QD (Figura I.2-5) comprende un núcleo de material 

a semiconductor inorgánico, por ejemplo, CdTe y CdSe, y una coraza inorgánica de 

un material semiconductor de diferente bandgap, por ejemplo, ZnS. A continuación 

posee una capa de ligandos orgánicos que pueden ser de naturaleza hidrofóbica o 

hidrofílica según se requiera la solubilización del QD en un medio órganico o en 

solución acuosa. La elección de la coraza y la capa de recubrimiento es muy 

importante ya que la coraza estabiliza el núcleo del nanocristal y también altera las 

propiedades fotofísicas, mientras que el recubrimiento confiere propiedades que 

permiten su distribución entre diversas aplicaciones, tales como permitir la 

solubilización en medios acuosos, proporcionar grupos reactivos para la unión a 

(bio)moléculas, así como reducir la posible toxicidad del núcleo. 

 

Figura I.2-5. Estructura general de un QD para una aplicación específica. 
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2.3. Síntesis y funcionalización de QDs 

La síntesis de los QDs se describió por primera vez en 1982 por Efros [15] y 

Ekimov [16] quienes crecieron nanocristales y microcristales de semiconductores 

en matrices de vidrio. Desde entonces, se han descrito una amplia variedad de 

métodos para la preparación de QDs en diferentes medios, incluyendo solución 

acuosa, solventes orgánicos a altas temperaturas, y deposición de películas 

moleculares en sustratos sólidos.  

Básicamente, existen dos enfoques principales para sintetizar QDs. Uno de 

ellos es el "de abajo hacia arriba" (en ingles "botom-up"), que es el más familiar 

para los químicos. En pocas palabras, este proceso utiliza los precursores 

moleculares o iónicos de QDs que pueden reaccionar juntos en la solución para 

producir los nanocristales como coloides. El otro enfoque, más familiar para los 

ingenieros, es el enfoque "de arriba hacia abajo" (en ingles "top-down") en el que 

el tamaño nanométrico se alcanza por litografía o electroquímica a partir de un 

sustrato semiconductor.  

Hasta el momento, la ruta coloidal se ha convertido en el proceso más 

empleado para la síntesis de QDs, y sobre todo cuando nos centramos en el campo 

bio(analítico), ya que es la que conduce a nanocristales más monodispersos y de 

mayor calidad, con menor densidad de defectos superficiales, y por consiguiente, 

con un mayor rendimiento cuántico fluorescente. Por ello aquí, en la introducción 

de esta tesis, nos limitaremos a describir la síntesis coloidal de QDs. 
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Síntesis coloidal de QDs 

La síntesis coloidal de QDs consiste en la introducción de los precursores de los 

semiconductores en condiciones controladas que favorezcan termodinámicamente 

el crecimiento del cristal y en presencia de ligandos adecuados que pasiven la 

superficie de la nanopartícula para limitar cinéticamente su crecimiento y 

mantener su tamaño dentro de régimen de tamaño del "confinamiento cuántico”.  

Por la ruta coloidal los precursores se introducen en un medio dispersante y se 

calienta la mezcla. La formación de núcleos y el sucesivo crecimiento de los 

nanocristales puede explicarse a través del modelo de La Mer. Según este modelo, 

la nucleación y el crecimiento son dos procesos independientes, en que se basa la 

síntesis de las partículas coloidales nanométricas y son los principales responsables 

de los cambios en parámetros como estructura, forma, tamaño y composición, y 

consecuentemente en las propiedades ópticas, térmicas, electrónicas y catalíticas 

de tales nanoestructuras.  

Cuando la temperatura de la mezcla de es lo suficientemente alta, los 

precursores químicos se transforman en monómeros, y al alcanzar estos 

monómeros un nivel de sobresaturación suficiente, se inicia el crecimiento de los 

nanocristales con un proceso de nucleación. Tras la etapa rápida de nucleación, se 

procede a su enfriamiento hasta la temperatura de crecimiento, a la cual la 

formación de núcleos es mucho menos favorable, y tiene lugar la etapa de 

crecimiento de los núcleos existentes que es un proceso más lento. En la Figura I.2-

6 se muestra un esquema de las etapas de formación de los nanocristales de QDs. 

La temperatura y la concentración de precursores correctas son factores críticos 

para determinar las condiciones óptimas para el crecimiento de los nanocristales. 

El tiempo de crecimiento es también otro factor clave que contribuye al tamaño del 
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nanocristal. En general, mayores tiempos de reacción conducirán a QDs de mayor 

tamaño. Hoy día es posible sintetizar por esta vía QDs del tamaño deseado y con 

una distribución de tamaño muy estrecha con un control adecuado de la 

temperatura, tiempo, concentración y surfactantes. 

 
Figura I.2-6. Esquema crecimiento de los nanocristales de QDs (modelo La Mer). 

La configuración experimental típica para la de síntesis coloidal de QDs es la 

que se presenta en la siguiente Figura I.2-7. 

 
Figura I.2-7. Configuración experimental típica para la de síntesis coloidal de QDs. 
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Las principales ventajas de este método de síntesis son: 

 es simple y reproducible 

 los nanocristales obtenidas son homogéneos en composición y en tamaño 

(alta monodispersidad) 

 se obtienen nanopartículas con una elevada cristalinidad 

 los nanocristales obtenidos tienen pocos defectos superficiales 

 la estructura, tamaño y forma de las partículas pueden ser controladas 

variando las condiciones de preparación, tales como: tipo y concentración de 

ligandos, concentración de precursores, temperatura, tiempo, agitación, etc. 

Etapas en la preparación de QDs 

Generalmente la preparación de QDs para su uso con fines bio(analíticos) es un 

proceso que transcurre a través de varias etapas, esquematizadas en la Figura I.2-8: 

 

Figura I.2-8. Pasos en la preparación de QDs para una aplicación específica: 
Síntesis del núcleo, de la coraza, modificación de la superficie y funcionalización. 
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a) Síntesis del núcleo  

Los QDs coloidales pueden ser sintetizados en medio orgánico o acuoso. El 

método de síntesis más utilizado y el que hasta la fecha ha producido los QDs de 

mayor calidad, es el que se lleva a cabo por vía orgánica a altas temperaturas y en 

presencia de surfactantes para producir partículas monodispersas y estables [17-

23]. Los primeros QDs coloidales monodispersos de calcogenuros de cadmio (CdS, 

CdSe, CdTe) se prepararon a partir de precursores pirofóricos como Cd(CH3)2 y de 

sulfuro, selenio o teluro elemental, respectivamente, usando como surfactantes o 

ligandos de estabilización una mezcla de trioctilfosfina/óxido de trioctilfosfina 

(TOP/TOPO) y/o hexadecilamina (HDA) a temperaturas de 250-350º C [17-19]. Más 

tarde se demostró, que los QDs de CdSe o CdS se podían formar también a partir 

de otros precursores algo menos tóxicos que los organometálicos como son el CdO 

[20,21], Cd(OAc)2 [22] y CdCO3 [23]. Para los QDs de CdS también se han descrito 

algunos métodos de síntesis en medio acuoso utilizando el ácido 3-

mercaptopropiónico como estabilizador de la superficie para controlar el 

crecimiento de los cristales de CdS, tanto a temperatura ambiente, como por vía 

hidrotermal [24-26]. Otro método para la preparación de núcleos cubiertos de 

surfactante es el método de síntesis en microemulsión (de micelas inversas) 

agua/aceite para producir CdS [27,28], CdSe [29], CdMnS [30, 31], ZnSe [32], y 

ZnS:Mn [33]. 

b) Síntesis de la coraza 

El núcleo desnudo de QD es altamente reactivo y tóxico, resultando en una 

estructura muy inestable que es propensa a la aglomeración y a la degradación 

fotoquímica. Además, la estructura cristalina del núcleo tiene irregularidades en su 
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superficie que conducen a las irregularidades de emisión como son el ‘parpadeo’ y 

la disminución del rendimiento cuántico. Para evitar estos inconvenientes, el 

núcleo del QD suele recubrirse de una coraza inorgánica que se trata de un 

semiconductor con una banda prohibida diferente a la del material del núcleo. Con 

esta coraza se consigue eliminar los defectos superficiales de los QDs y la creación 

de las barreras de potencial [34-38], previniendo la foto-corrosión del núcleo y 

aumentando la eficiencia cuántica de partículas tipo núcleo-coraza, como por 

ejemplo CdSe/ZnS QDs. Para un mayor detalle puede consultarse el trabajo de 

Rosenthal [39], donde se describen los métodos de síntesis de QDs más utilizados, 

junto con consejos prácticos para llevarlos a cabo, así como los diferentes métodos 

instrumentales para la caracterización de las estructuras resultantes de los QDs 

núcleo-coraza. 

c) Modificación de la superficie 

Para el uso de QDs en solución es importante prevenir su agregación y 

coagulación. Con este propósito se utilizan varios agentes dispersantes tales como 

surfactantes, polímeros, otros quelatantes, etc. Particularmente, para muchas 

aplicaciones bio(analíticas) de QDs, estos deben ser hidrosolubles para conseguir la 

solubilización de los QDs en medios acuosos.  

Continuamente aparecen nuevos procedimientos para conseguir la solubilización 

en agua de los QDs [40]. Pero en general, los procedimientos más utilizados para la 

dispersión de QDs en medio acuoso se pueden dividir en tres grupos: 

- Intercambio de ligandos (del ingles ‘cap exchange’). Es la estrategia de 

solubilización más simple. Consiste en la sustitución de los ligandos hidrofóbicos en 

la superficie de los QDs (generalmente los nativos TOPO/TOP) por ligandos 
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hidrofílicos. Estos ligandos deben ser bifuncionales, para unirse por un lado a la 

superficie inorgánica del QD (por ejemplo, un grupo tiol) y por el otro extremo 

presentar un grupo hidrofílico (hidroxilo, carboxilo o amina son los más utilizados) 

para lograr la compatibilidad con el agua [41-44].  

- Silanización de la superficie. Esta estrategia implica la formación sobre la 

superficie del QD de una capa de silica funcionalizada con grupos polares. Además 

de la solubilización y la introducción de grupos reactivos para posteriores 

conjugaciones, la introducción de la capa de silica conduce a una mayor 

fotoestabilidad del QD ya que inertiza su superficie, y al mismo tiempo reduce su 

toxicidad. Sin embargo, el inconveniente es que este proceso es laborioso y la capa 

de silica puede hidrolizarse con cierta facilidad en algunos medios [45]. 

- Transferencia de fase. Este método conserva los ligandos nativos hidrofóbicos 

TOP/TOPO y utiliza polímeros anfifílicos para recubrir la superficie del QD. Las 

cadenas hidrofóbicas alquilo del polímero se intercalan e interdigitan 

estrechamente con los ligandos alquilfosfina a través de atracciones hidrofóbicas, 

mientras que la parte hidrofílica del polímero queda hacia el exterior para permitir 

la dispersión acuosa. Para este propósito se han utilizado el ácido acrílico 

modificado con octilamina, los fosfolípidos derivados de polietilenglicol (PEG) y 

copolímeros de bloque [46-48]. Sin embargo, el recubrimiento con un polímero 

puede aumentar el diámetro total del QD y esto puede suponer una limitación en 

ciertas aplicaciones. 

d) Funcionalización  

La modificación de los QDs con moléculas específicas permite lograr la 

interacción selectiva de los QDs con los analitos a determinar. Cuando se tratan de 
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biomoléculas de interés, tales como avidina, biotina, oligonucleótidos, 

péptidos, anticuerpos, ADN y la albúmina, para el reconocimiento de otras 

moléculas biológicas o de células específicas este proceso se llama bioconjugación. 

Los métodos de funcionalización se dividen en general en dos categorías: 

conjugaciones covalentes y no covalentes, esquematizadas en la Figura I.2-9.  

Conjugaciones no covalentes. Las interacciones no covalentes incluyen la 

adsorción, interacciones electrostáticas, interacciones hidrofóbicas, puentes de 

hidrogeno y enlaces de van der Waals. Dentro de este grupo se encuentran 

también las interacciones de afinidad entre grupos específicos, como son las 

uniones antígeno-anticuerpo, enlaces avidina-biotina e interacciones entre cadenas 

de oligonucleótidos complementarios. Biomoléculas como oligonucleótidos y 

albúminas de varios sueros pueden ser adsorbidas en la superficie del QD soluble 

en agua [49]. Este proceso no es específico y depende del pH, temperatura, fuerza 

iónica y la carga superficial de la molécula [50]. Los QDs pueden ser catiónicos o 

aniónicos y la interacción con las biomoléculas puede ser a través de interacciones 

electrostáticas. La carga superficial del QD juega por tanto un papel importante en 

la interacción de los QDs con ciertas moléculas, y se determina por los grupos 

reactivos libres en la superficie. Se ha demostrado que las proteínas diseñadas con 

un dominio con carga positiva (polihistidina o cremalleras de leucinas) pueden 

interactuar electrostáticamente con las cargas negativas en la superficie de QDs 

recubiertos con ácido dihidrolipoico [51]. Otra posibilidad es la interacción de los 

dominios negativos de las biomoléculas con una monocapa de carga positiva 

previamente unida al QD. Los conjugados preparados de esta manera muestran 

una buena solubilidad en agua y un rendimiento cuántico mayor que los QDs libres. 

Sin embargo, las interacciones electrostáticas no son específicos y son 
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relativamente débiles en comparación con los enlaces covalentes, lo que puede 

suponer un problema para diversas aplicaciones.  

Conjugaciones covalentes. La formación de un enlace covalente es el método de 

conjugación más estable y se consigue generalmente por dos vías: (i) por 

quimiadsorción de derivados tiolados, ó (ii) a través del uso de moléculas de unión 

bifuncionales. En el primer caso, la unión de moléculas que poseen un grupo tiol se 

lleva a cabo por un proceso de intercambio mercapto. Esta estrategia presenta una 

serie de ventajas: es muy simple, relativamente rápida (2-3 h) y reproducible y 

requiere condiciones muy suaves. En general los tiolatos forman enlaces muy 

fuertes con los QDs, por lo que desplazan fácilmente a los ligandos de aminas o 

fosfinas que pasivan inicialmente la superficie del QD. Sin embargo, existe una 

limitación al trabajar con QDs del tipo núcleo-coraza en los que la coraza es de ZnS, 

ya que la unión resultante entre tiol y Zn no es sólo débil, sino también dinámica, y 

esto puede conducir a la precipitación de las biomoléculas en solución, ya que 

pueden desprenderse fácilmente de la superficie QD. En el caso de usar 

compuestos bifuncionales, estos pueden ser muy variados lo que ofrece una gran 

versatilidad para la formación del enlace covalente dependiendo de los grupos 

presentes en la molécula que se desea unir al QD [52]. Uno de los procedimientos 

más utilizados para unión covalente de biomoléculas al QD es vía compuestos de 

carbodiimida. Estos ligandos bifuncionales se usan como entrecruzadores para la 

formación de un enlace amida entre los grupos carboxilo y amino.  
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Figura I.2-9. Esquema de las principales estrategias de funcionalización de QDs. 

La aplicación de uno u otro método de conjugación depende en gran medida 

de la aplicación y del medio en el que se utilizarán los QDs funcionalizados. 



BLOQUE I. Introducción 

 

 

46 

 

2.4. Propiedades de QDs 

La importancia creciente de los QDs en Nanociencia y Nanotecnología radica 

en las propiedades optoelectrónicas excepcionales que poseen como consecuencia 

de los efectos del “confinamiento cuántico”. Así, estos materiales inorgánicos, que 

en principio por su composición serían no-luminiscentes, cuando se sintetizan en 

dimensiones nanométricas desarrollan una emisión fluorescente muy intensa al ser 

excitados por luz UV-visible. No sólo ello, sino que además es posible variar 'a 

medida' la energía de la banda prohibida (band-gap) del semiconductor QD. Como 

vimos en la sección 2.1., debido a que los niveles energéticos de los electrones en 

los QDs son discretos y no continuos, la adición o sustracción de unos pocos 

átomos a la nanopartículas de QD tiene el efecto de alterar los límites de la banda 

prohibida. Por ello, con los QDs, la energía de banda prohibida se controla 

simplemente ajustando el tamaño del punto. Adicionalmente, un cambio de la 

geometría de la superficie del QD también cambia la energía de banda prohibida, 

debido de nuevo al pequeño tamaño del QD, y los efectos de confinamiento 

cuántico. Dado que la frecuencia de emisión de un QD depende de la banda 

prohibida, es posible controlar la longitud de onda de emisión de un QD con una 

precisión extrema. La banda prohibida en un QD siempre será energéticamente 

más grande, por lo tanto, nos referimos a la radiación de los QDs como "desplazada 

hacia el azul", reflejando el hecho de que los electrones deben caer desde una 

altura mayor en términos de energía y así producir radiación de una menor, y por 

lo tanto "más azul" longitud de onda. 

Además de esta característica principal, los QDs presentan otras muchas 

propiedades que los hacen ser candidatos muy atractivos para multitud de 

aplicaciones. Estas propiedades pueden clasificarse en tres grandes grupos, según 
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se traten de propiedades ópticas, eléctricas u otras, siendo las principales las que 

se exponen a continuación: 

Propiedades ópticas 

– elevado rendimiento cuántico (QY, definido como el porcentaje de fotones 

absorbidos que dan lugar a un fotón emitido), lo que da lugar a señales de emisión 

fluorescente muy intensas. La eficiencia cuántica de los QDs con estructura núcleo-

coraza es mucho mayor que la de los QDs formados sólo por el núcleo, ya que la 

diferencia de band-gap entre los materiales que forman el núcleo y los que forman 

la coraza evita la recombinación no radiativa en los estados de superficie. 

– espectro de absorción y excitación intensos y muy anchos. 

– espectro de emisión luminiscente muy estrecho, caracterizado por el ancho 

de pico a mitad de altura (FWHM, del ingles Full Width at Half Maximum) que es 

típicamente de ~30 nm (usando la síntesis coloidal en medio orgánico a altas 

temperaturas), lo que permite la emisión de varios QDs simultáneamente sin 

problemas de solapamiento como suele ocurrir con los fluoróforos convencionales. 

– la longitud de onda de emisión máxima es independiente de la longitud de 

onda de la luz de excitación, si es que es más corta que la longitud de onda de la 

aparición de absorción. 

– elevado desplazamiento de Stokes, esto es que la separación entre las 

longitudes de onda de excitación y emisión es de aproximadamente 100 nm.  

– coeficientes de extinción incrementados en la zona del ultravioleta cercano 

(~105 a 106 M-1cm-1). 

– elevados tiempos de vida media del fenómeno luminiscente (cientos de ns). 
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– permiten variar el color emitido jugando con su composición y/o tamaño. 

Los espectros de emisión de QDs pueden estar en varias regiones: desde el UV 

cercano hasta el infrarrojo cercano, lo que se puede lograr cambiando el tamaño y 

composición de los núcleos de los QDs [53 ,54]. En la Figura I.2-10 se muestran los 

espectros de absorción y fluorescencia de QDs de diferentes composiciones y 

distintos tamaños. 

– presentan una alta fotoestabilidad, lo que les permite estar expuestos a 

ciclos de excitación y fluorescencia durante varias horas sin pérdida de su 

eficiencia. Gracias a su extremada fotoestabilidad a tiempos prolongados, los QDs 

permiten el rastreo de eventos biológicos a nivel celular imposibles de realizar con 

marcadores fluorescentes usuales.  

 

Figura I.2-10. Absorbancia y espectros de emisión de fluorescencia de QDs de 
distinta composición (CdSe/ZnS, CdTe y CdTe/CdSe) y QDs de CdSe/ZnS de 
diferentes tamaños, usando para la excitación un láser a 405 nm. 
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Propiedades eléctricas 

– se tratan de materiales semiconductores. 

– permiten un buen transporte de electrones, ya que las pequeñas 

distorsiones de la red cristalina que se producen en torno a los portadores de carga 

dan lugar a una alta movilidad de los electrones a través del QD. Esta propiedad es 

la clave que permite a los dispositivos semiconductores basados en QDs operar a 

alta frecuencia. 

– son activos electroquímicamente. 

– presentan electroquimioluminiscencia. 

– poseen propiedades redox. Se ha encontrado recientemente que los QDs 

son capaces de participar en diversas reacciones químicas a través de procesos 

redox. 

Otras propiedades 

– alto valor de la relación superficie/volumen. 

– poseen propiedades catalíticas, tanto fotocatalíticas como 

electrocatalíticas. 

– pueden actuar como fotosensibilizadores, lo que tiene gran interés en el 

área biomédica para ser usados con efecto terapéutico en la terapia fotodinámica, 

ya que pueden producir oxígeno singlete citotóxico.  
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2.5. Técnicas de caracterización de QDs 

La Química Analítica ha contribuido activamente a los avances en la 

caracterización de QDs mediante el desarrollo de métodos analíticos que tienen 

como diana a las propias nanopartículas de QDs. Cuando la diana del proceso 

analítico es el propio QD, el objetivo puede ser bien la determinación-

cuantificación de los QDs o bien su caracterización físico-química (ver figura I.1-2). 

Los métodos de caracterización de QDs se puede dividir en tres grupos 

principales: (1) Los métodos utilizados para caracterizar la composición del QD, la 

morfología y tamaño, (2) los métodos utilizados para caracterizar la capa de ligando 

en la superficie del QD, y (3) los métodos utilizados para caracterizar las 

propiedades ópticas y electrónicas de los QDs. El tamaño del QD es fácilmente 

accesible mediante microscopía electrónica de transmisión de alta resolución 

(HTEM) o la microscopía de fuerza atómica (AFM). La caracterización de la capa de 

ligando es más problemática y suele abordarse mediante resonancia magnética 

nuclear (RMN). Es frecuente el uso de RMN para seguir reacciones de intercambio 

de ligandos en la superficie de los QDs. La espectroscopia y la electroquímica son 

técnicas relativamente sencillas, que dan información directa sobre una serie de 

importantes parámetros del QD, como son la eficacia cuántica, la longitud de onda 

de emisión, o los potenciales redox. Las muestras de QDs son siempre 

heterogéneas por su tamaño y composición. Por consiguiente, es importante tener 

presente que los valores medios por sí solos podrían inducir a error en la 

interpretación de los resultados, por lo que siempre que sea posible deben 

evaluarse las anchuras de las distribuciones de los respectivos parámetros. 
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A continuación se resumen las técnicas mas empleadas para la caracterización 

de QDs así como los principales parámetros obtenidos de cada una de ellas. En la 

Tabla I.2-1 se recogen estas técnicas, clasificadas según se traten de técnicas 

microscópicas, espectroscópicas y electroquímicas, junto con los principales 

parámetros que se obtienen de cada una de ellas. 

Tabla I.2-1. Principales técnicas de caracterización de QDs. 

TÉCNICAS DE CARACTERIZACIÓN INFORMACIÓN OBTENIDA 

TÉCNICAS MICROSCÓPICAS 

Microscopia Electrónica de Transmisión  
de Alta Resolución (HTEM) 

Forma y tamaño 
Homogeneidad en forma y tamaño 
Cristalinidad 

Microscopia de Fuerza Atómica (AFM) 
para QDs inmovilizados en una superficie 

Forma y tamaño 
Homogeneidad en forma y tamaño 
Grado cobertura de la superficie 

TÉCNICAS ESPECTROSCÓPICAS 

Espectroscopia UV-VIS 
Tamaño 
Concentración  
Cambios en el entorno 

Espectroscopia de Fluorescencia (PL) 

Tamaño  
Monodispersidad o distribución de tamaños  
Presencia de defectos en la superficie 
Eficacia cuántica 
Cambios en el entorno 

Espectroscopia de Resonancia Magnética 
Nuclear (RMN) 

Recubrimiento orgánico 
- identidad química 
- tipo de enlace 
- conformación espacial 

Espectroscopia de energía dispersiva 
 de rayos-X (EDX) 

Análisis composición elemental  

Difracción de Rayos-X 
Estructura cristalina, parámetros de red 
Pureza de fase 
Tamaño 

Difracción de electrones Cristalinidad 

TÉCNICAS ELECTROQUÍMICAS 

Voltametria cíclica (CV) 
Posición absoluta bandas valencia y conducción 
Potencial redox 
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Técnicas microscópicas 

 Microscopia Electrónica de Transmisión de Alta Resolución (HTEM) 

HTEM es una técnica de caracterización muy valiosa para investigar los QDs y 

permite la evaluación directa del tamaño de las nanopartículas y su estructura 

cristalina. Permite además evaluar la forma o morfología de los QDs y la 

distribución de tamaños.  Para obtener el tamaño promedio y distribución de 

tamaños de la muestra a partir de las imágenes HTEM es necesario evaluar muchas 

nanopartículas. En la práctica esto significa que debe hacerse un barrido por una 

cierta área de la rejilla tomando muchas imágenes en un aumento deseado para 

obtener resultados estadísticamente significativos. Los ligandos orgánicos en la 

superficie de los QDs no se ven por TEM por lo que los bordes de los QDs no 

aparecen bien resueltos y delimitados, aunque existen procedimientos de tinción 

mediante la adición de sales de metales pesados para mejorar la resolución de los 

bordes. A veces, es posible obtener imágenes de QDs recubiertos con polímeros o 

revestimientos de elevado espesor y estimar así el diámetro conjunto del núcleo 

del QD con el recubrimiento. Sin embargo, debido a los protocolos de preparación 

de muestras, todo el disolvente se evapora y esto causa por lo general la 

contracción de la capa orgánica del recubrimiento en comparación a su estado en 

un disolvente. 

 Microscopia de Fuerza Atómica (AFM) 

AFM es una herramienta indispensable para caracterizar los QDs inmovilizados 

en una superficie plana. Las imágenes obtenidas durante la topografía de AFM de 

adquisición de datos dan información sobre la morfología y la homogeneidad de la 

muestra. También permiten determinar la cobertura de superficie (densidad de 
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partículas por unidad de superficie), las dimensiones de las nanopartículas, etc. Sin 

embargo estos experimentos están limitados principalmente por el tamaño de la 

sonda utilizada para explorar la superficie. 

Técnicas espectroscópicas 

 Espectroscopias Ópticas 

La absorción y emisión están relacionadas con la estructura electrónica de los 

QDs y dependerá del tamaño del QD debido al confinamiento espacial de las 

funciones de onda electrónica del electrón y el hueco. La espectroscopia óptica es 

por lo tanto una herramienta relativamente simple y fácil para caracterizar los 

efectos de confinamiento cuántico en los QDs. Además, dado que la absorción y 

luminiscencia de los QDs dependen de la capa de ligando y de los alrededores o 

medio circundante (por ejemplo, la polaridad, la presencia constante dieléctrica, 

presencia de moléculas “quenchers” atenuadoras de la fluorescencia), los métodos 

espectroscópicos pueden ser utilizados para estudiar interacciones con la capa de 

ligandos así como procesos que ocurran en las inmediaciones de los QDs. 

Espectroscopia UV-VIS 

Mediante el análisis de las curvas espectrales de absorción y la aplicación de 

las fórmulas empíricas recogidas en la Tabla I.2-2, se puede estimar el tamaño 

promedio de los QDs en la solución. 

Si el espectro de absorción se obtiene de una muestra de baja concentración 

(para evitar la reabsorción), y la distribución de los diámetros de las nanopartículas 

no es amplia, se puede obtener la concentración de los QDs (c) en la solución 

directamente de la ecuación de Lambert-Beer: 
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A= εLc 

donde A es el valor de absorbancia del primer pico excitónico, ε es el coeficiente 

de extinción molar y L es la longitud del paso óptico de la celda de medida.  

Tabla I.2-2. Funciones empíricas que correlacionan el tamaño de los QDs de CdSe, 
CdTe, CdS y InP con la posición del pico excitónico en el espectro de absorción 
UV/VIS y con el coeficiente de extinción molar [55, 56]. 

Material Correlación diámetro  D/pico excitónico λ 

CdSe D = (1.6122×10
-9

)λ
4
 – (2.6575×10

-6
)λ

3
 + (1.6242×10

-3
)λ

2
 – (0.4277)λ + (41.57) 

CdTe D = (9.8127×10
-7

)λ
3
 – (1.7147×10

-3
)λ

2 + (1.0064)λ – (194.84) 

CdS D = (–6.6521×10-8)λ
3
 + (1.9557×10

-4
)λ

2
 – (9.2352×10

-2
)λ + (13.29) 

InP D = (–3.7707×10
-12

)λ
5

 + (1.0262×10
-8
)λ

4
 – (1.0781×10

-5
)λ

3
 + (5.4550×10-3)λ

2
 – (1.3122)λ + (119.9) 

Material Correlación  ε /pico excitónico λ 

CdSe ε = 5857 (D)2.65     

 CdTe ε = 10043 (D)2.12 

CdS ε = 21536 (D)2.3   

InP ε = 3046.1 (D)3 – 76532 (D)2 + (5.5137×10
5
) (D) – (8.9839×105) 

D: diámetro medio del QD (en nm) 

λ: longitud de onda del primer pico excitónico de absorción (en nm)  

ε: coeficiente de extinción molar (en L·mol-1·cm-1) 

Por lo general se observa una buena correlación entre los valores de diámetro 

promedio estimado directamente a partir de imágenes de HTEM y los obtenidos a 

partir de los parámetros ópticos y las formulas empíricas anteriormente descritas.  

Para los QDs con estructura tipo núcleo-coraza (core/shell), este método 

óptico para la determinación del tamaño sigue siendo válido, sin embargo, la 

coraza de ZnS no se toma en cuenta, ya que absorbe a energías mucho más altas. El 
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espesor de la coraza puede estimarse a partir del protocolo de síntesis y el tamaño 

de las nanopartículas obtenidas de HTEM. 

Espectroscopia de Fluorescencia (PL) 

El espectro de fluorescencia proporciona información sobre la longitud de 

onda de emisión, la distribución de tamaño, la presencia de defectos o trampas en 

la superficie, y por supuesto del valor energético de banda prohibida.  

Mientras que los valores del máximo de emisión proporcionan directamente 

una indicación del tamaño de los QDs (recordemos que el diámetro de la 

nanopartícula afecta directamente la longitud de onda de emisión del QD, y por lo 

tanto, la longitud de onda y el tamaño del QD están correlacionados), la anchura 

del pico de PL a altura media (FWHM, del ingles “Full Width at Half Maximum”) 

proporciona información sobre la monodispersidad de la muestra. Valores mayores 

de FWHM, es decir picos de emisión más anchos, indican una menor 

monodispersidad, porque la distribución del tamaño de los QDs es lo que lleva a 

una serie de emisiones individuales que el fluorímetro recoge y muestra como una 

distribución de Gauss. 

A partir de la emisión de luminiscencia se puede calcular el rendimiento 

luminiscente o eficacia cuántica (QY) mediante el empleo de un estándar de 

referencia con valor conocido de QY: 

 

donde I es el área integrada del pico de emisión, A es la absorbancia a la 

longitud de onda de excitación, y n es el índice de refracción del disolvente. 



BLOQUE I. Introducción 

 

 

56 

 

La influencia del intercambio de ligandos en las propiedades ópticas de los QDs 

puede medirse mediante técnicas espectroscópicas. Los cambios espectrales en el 

espectro de absorción y emisión de los QDs pueden ser también causados por los 

cambios en el entorno de ligando o composición del disolvente y suelen detectarse 

con los métodos espectroscópicos. Por lo tanto, la espectroscopia óptica es usada 

como un potente sistema de detección para multitud de aplicaciones, siendo la 

base de los sensores ópticos basados en QDs. 

 Espectroscopia de Resonancia Magnética Nuclear (RMN) 

La RMN es de uso frecuente en la caracterización de la coraza o recubrimiento 

de ligandos orgánicos sobre la superficie de los QDs, ya que ofrece información 

única sobre la identidad química de las moléculas ligando y de la movilidad 

molecular de los sistemas complejos no homogéneos. Además, también se ha 

utilizado para identificar los enlaces químicos entre los ligandos y la superficie del 

QD, y seguir las reacciones de intercambio de ligando. La RMN es, en principio, un 

método de análisis no destructivo y permite estudios a largo plazo de los QDs. A 

diferencia de las técnicas microscópicas, RMN se pueden realizar en los líquidos sin 

afectar la conformación molecular del ligando en la superficie. 

 Espectroscopia de energía dispersiva de rayos-X (EDX) 

EDX puede usarse para el análisis elemental cualitativo y cuantitativo de las 

muestra de QDs. Es una técnica relativamente sencilla, rápida, directa y de fácil 

interpretación para caracterizar la composición de los QDs, pero por el contrario su 

resolución espacial es más limitada y no es efectiva para detectar elementos de 

bajo número atómico. 
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 Difracción de Rayos X (XRD) 

Es una técnica muy usada para la caracterización de la cristalinidad de los QDs, 

permitiendo determinar tanto su estructura cristalina, parámetros de red, como la 

pureza de fase. El diámetro de los QDs también se puede estimar por esta técnica a 

partir del ancho a media altura de un pico de Bragg y aplicando la fórmula de 

Debye-Scherrer:  

 

donde, d es el diámetro medio de los QDs (nm), λ es la longitud de onda de los 

rayos X (nm), β es el ancho a mitad de altura del pico (rad), y θ es el ángulo de 

difracción de Bragg. 

La presencia de coraza en las estructuras tipo núcleo-coraza produce un 

cambio de los picos de difracción de rayos X de los nanocristales, por lo que esta 

técnica puede utilizarse para evaluar la presencia y grosor de la coraza. Otros 

factores, tales como la presencia de defectos en la superficie del nanocristal 

también afectan a la forma y posición de las líneas de difracción. 

 Difracción de electrones 

Es una técnica muy versátil, ya que el análisis e interpretación de los patrones 

de difracción de electrones permite obtener gran cantidad de información sobre la 

cristalinidad de los QDs. Así es posible la determinación de constantes reticulares, 

la identificación de fases y estructuras cristalinas, la determinación de la simetría 

cristalina o relaciones de orientación (direcciones de crecimiento o coherencia de 

intercaras), o la identificación de defectos estructurales. 
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Técnicas electroquímicas 

 Voltametria cíclica (CV) 

En los QDs, las reacciones redox ocurren a través de las bandas de valencia y 

conducción. La CV se puede utilizar para estimar el orbital molecular más alto 

ocupado (HOMO) y el orbital molecular más bajo desocupado (LUMO) del QD. En 

comparación con la espectroscopia, los métodos electroquímicos si permiten 

obtener la posición absoluta de las bandas de valencia y conducción, y no sólo la 

diferencia de energía entre ellas. Dado que en los QDs las bandas de valencia y 

conducción se desplazan en función del tamaño del QD, la CV puede usarse para 

estudiar directamente los efectos del confinamiento cuántico en las energías de los 

orbitales HOMO y LUMO. Este "gap electroquímico" se puede correlacionar con la 

banda prohibida estimada por métodos espectroscópicos o calculados 

teóricamente a partir del tamaño QD (obtenido por ejemplo, de HTEM).  

Por tanto, el análisis por voltametria cíclica de los QDs da la siguiente 

información cualitativa y cuantitativa: (1) posición absoluta de las bandas de 

valencia y conducción, (2) el potencial redox, y (3) la reversibilidad del sistema 

redox. También permite el estudio de mecanismos de reacción redox en los que 

participen los QDs. Sin embargo, todavía hay muchos desafíos experimentales y 

teóricos hasta llegar a la correcta interpretación de la voltametria cíclica de los 

QDs. La interpretación de los voltagramas no es algo simple, pues las muestras QDs 

no son homogéneas, y los distintos procedimientos sintéticos utilizados para 

obtener el mismo tipo de QDs pueden llevar a respuestas electroquímicas 

diferentes. Además, la baja solubilidad de los QDs en soluciones electrolíticas y los 

procesos de corrosión electroquímica son otros obstáculos experimentales. 
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2.6. Toxicidad de los QDs 

A pesar de que los QDs pueden ofrecer interesantes y prácticas aplicaciones 

que lleven a beneficios sociales muy valiosos, como por ejemplo la posibilidad de 

obtener imágenes biomédicas en vivo y el desarrollo de sistemas de detección 

altamente sensibles, también pueden presentar riesgos para la salud humana y el 

medio ambiente bajo ciertas condiciones [57].  Por tanto los posibles efectos 

tóxicos de los QDs deben ser considerados. 

En general, pueden diferenciarse tres motivos principales por las que los QDs 

pueden interferir con la función del organismo y conducir a una incapacidad 

metabólica [58].  

- El primero y más importante es la composición de los QDs. Debido a la 

corrosión en el interior del organismo, los nanocristales pueden disolverse 

parcialmente y liberar iones tóxicos, como por ejemplo cadmio. Las nanopartículas 

son muy propensas a la descomposición parcial y la liberación de iones debido a su 

alta relación superficie-volumen.  

- Otro efecto negativo de los QDs resulta de su pequeño tamaño, 

independientemente de su composición, ya que las nanopartículas pueden pegarse 

a la superficie de las membranas celulares interfiriendo en las funciones específicas 

de las células. 

- La posibilidad de algunos tipos de QDs de atravesar las membranas celulares 

y ser retenidos dentro de las células constituye otro motivo de preocupación como 

consecuencia de la toxicidad derivada de su bioacumulación.  

La mayoría de los QDs contienen elementos tóxicos, como el Cd, Pb, Hg y As, 

etc. Se ha demostrado que los QDs con núcleo a base de cadmio, como CdSe y 

CdTe, son citotóxicos, especialmente cuando ocurre la oxidación de la superficie a 
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través de la exposición al aire o la radiación UV, ya que se producen iones Cd+2 en la 

superficie que se liberan más fácilmente al medio. También se ha demostrado que 

los QDs de CdTe ejercen efectos nocivos sobre los procesos celulares, y los más 

pequeños fueron más perjudiciales que los más grandes [59]. 

Todos los estudios realizados hasta la fecha sobre la toxicidad de los QDs 

sugieren que la toxicidad depende de múltiples factores derivados de las 

propiedades físico-químicas inherentes y de las condiciones ambientales. El 

tamaño, la carga, la concentración, la bioactividad de la capa exterior (material de 

recubrimiento y de los grupos funcionales), y estabilidad a la oxidación, estabilidad 

fotolítica, y estabilidad mecánica son los principales factores que determinan, 

individual o colectivamente, la toxicidad de los QDs [60, 61]. Para disminuir la 

toxicidad de los QDs, se han propuesto diversas alternativas como son 

modificaciones en los métodos de síntesis, en la forma de almacenamiento y 

diversas estrategias de recubrimiento [60, 62, 63]. Por otra parte, poco o nada se 

sabe sobre el proceso de excreción de los QDs una vez que han sido introducidos 

en organismos vivos. 

En general, hay discrepancias en la literatura actual sobre la toxicidad de QDs. 

Mientras que algunos estudios han mostrado que los QDs con recubrimientos de 

polímeros estables no son tóxicos para animales [64-68], otros autores si han 

observado cierta toxicidad de los QDs [69, 70]. Esta discrepancia puede atribuirse a 

varios factores: la falta de estudios basados en la toxicología, la variedad de dosis 

QD/concentraciones de exposición estudiadas, y la amplia variedad de propiedades 

físico-químicas de los distintos QDs. Los estudios diseñados específicamente para la 

evaluación toxicológica de los QDs son pocos y no hacen un estudio sistemático de 

considerando las diferentes variables como son la dosis, duración, frecuencia de la 
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exposición, los mecanismos de acción, etc. Por tanto, la información derivada de 

estos estudios acerca de la toxicidad de QDs no es completa.  

Por todo lo expuesto es evidente que el estudio de la toxicidad de los QDs 

sigue siendo una cuestión pendiente que requiere de una investigación mucho más 

detallada y exhaustiva antes de que puedan ser aprobados para uso clínico en 

humanos.  

2.7. Aplicaciones industriales de QDs 

Las particulares e interesantes propiedades de los QDs esta provocando un 

creciente interés de aprovechar los QDs para el desarrollo de aplicaciones 

industriales. A continuación se describen algunas de estas aplicaciones (ver Figura 

I.2-11): 

  Dispositivos emisores de luz: Materiales nanoestructurados basados en QDs 

están siendo utilizados como emisores en los dispositivos emisores de luz (LED, 

Light-Emitting Devices). LEDs utilizando QDs de CdSe se reportaron por primera vez 

por Colvin y colaboradores en 1994, y el rendimiento de los mismos se ha mejorado 

notablemente en la última década. En un típico LED, una capa delgada de la luz que 

emiten los QDs, por ejemplo CdSe/CdS o CdSe se intercalan entre la capa de 

transporte de electrones y la capa de transporte de huecos, lo que proporciona la 

inyección de portadores dentro del QDs a través de las capas de electrones y 

huecos. Estos QD-LEDs tienen menor energía de operación, una vida más larga, 

mayor emisión que otros LED, y además presentan la posibilidad de variar el color 

de la emisión desde los rayos UV al IR cercano. Actualmente usando QDs se 

fabrican diodos láser emisores de luz más eficientes que los actuales lectores de CD 

o de códigos de barras. 
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  Fotodetectores: Los fotodetectores basados en QDs cambian su conductividad 

eléctrica bajo iluminación de la luz debido a la generación de nuevos portadores de 

carga móviles. Estos fotodetectores tienen una sensibilidad más alta, menos ruido 

de la corriente interna, menor tiempo de respuesta y menor frecuencia de 

operación que otros fotodetectores.  

  Células Solares: Las células solares actuales tienen una eficiencia limitada y 

son muy costosas debido al uso del silicio como material. Hoy día se están 

desarrollando células solares de nueva generación compuestas por superficies 

nanoestructuradas de QDs que muestran una eficiencia superior como captadores 

de la energía solar y además son más baratas y más ligeras. Tras la absorción de 

fotones por la celda solar sensibilizada con los QDs, los electrones fotogenerados se 

inyectan en la capa de ITO (óxido de estaño e indio) a través de nanocristales de 

TiO2 y son recogidos por el circuito externo. Posteriormente, los huecos cargados 

positivamente de carga positiva se recogen en un electrodo contador de platino 

(Pt) electroquímicamente por reacciones redox del electrolito. Ejemplo de esto son 

las primeras células solares ultrafinas enteramente de nanocristales desarrolladas 

por los Investigadores del Lawrence Berkeley National Laboratory 

(http://www.lbl.gov/). 

  Transistores de efecto de campo: El primer transistor de efecto de campo 

(FET) fabricados con QDs se reportó en 1999 por Jacobson y colaboradores. Estos 

dispositivos se construyeron ensamblando QDs modificados con moléculas de 

piridina. Los FET construidos con QDs tienen más rápido tiempo de respuesta y 

mayor voltaje de ruptura que otros FETs. 
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  Criptografía cuántica: Se pueden embeber QDs, invisibles a simple vista, en 

billetes o documentos que expuestos a una luz ultravioleta hagan visible alguna 

marca. Ésta es una atractiva aplicación de los QDs en la industria de seguridad. 

  Informática cuántica: Los ordenadores cuánticos, si algún día se logra 

descubrir la forma de no destruir la información almacenada en los bits cuánticos al 

interactuar con ellos, serán un gran salto en cuanto a la velocidad de proceso, ya 

que incrementan exponencialmente la capacidad actual de los ordenadores. Estos 

ordenadores cuánticos almacenan la información en forma de qubits (del inglés 

quantum bits), que son estados cuánticos (combinación de ubicación y celeridad de 

las partículas que es imposible medir con absoluta precisión) que representan unos 

y ceros. Los ordenadores actuales, como la electrónica en general, procesan la 

información en forma de ceros y unos, según salga la electricidad o no de los 

transistores. Lo extraordinario en los ordenadores cuánticos es que el átomo puede 

encontrarse en una superposición de ambos estados, es decir, en situación 0 y 1 al 

mismo tiempo. En un solo qubit se podría almacenar una cantidad ilimitada de 

información jugando con los coeficientes de la superposición cuántica de los 

estados 0 y 1. Hay una compañía canadiense (D-Wave Systems Inc.) que afirma que 

ha construido el primer prototipo de ordenador cuántico con posibilidades 

comerciales, cuenta con 16 qubits y es capaz de resolver problemas sencillos. 
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Figura I.2-11. Principales aplicaciones industriales de los QDs. 
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I.3. QDs COMO HERRAMIENTA EN LA NANOTECNOLOGÍA ANALÍTICA 

En este apartado nos centramos en el segundo enfoque esquematizado en la 

Figura I.1-2, el que considera a los QDs como herramientas químico-analíticas para 

el desarrollo de métodos analíticos (ej. desarrollo de sensores ópticos 

fluorescentes, sensores electroquímicos, análisis de imágenes, etc.). La 

consideración de los QDs como herramientas para la nanotecnología analítica se 

basa en explotar las propiedades excepcionales de los QDs (ya comentadas en el 

apartado anterior) en el ámbito químico-analítico. Desde este enfoque más 

práctico, los QDs son vistos como un medio para conseguir un fin, que en este caso 

se trata del desarrollo de nuevos métodos de análisis, o mejora de los ya descritos 

en términos de sus propiedades analíticas (supremas, básicas y/o 

complementarias). 

En la Figura I.3-1 se muestran de forma esquemática los principales campos de 

aplicación de los QDs como herramientas en la nanotecnología analítica. En este 

contexto, pueden distinguirse tres grandes campos de aplicación: biológico, médico 

y otros, englobando este último áreas tan diversas como la clínica, farmacéutica, 

mediambiental y agroalimentaria.  

Independientemente del campo en el que se desarrollen, el empleo de los QDs 

como herramienta analítica puede agruparse en dos grandes grupos: (1) el análisis 

por imagen (bioimagen), y (2) el análisis (bio)químico. A continuación se comentan 

algunas de las aplicaciones más relevantes y novedosas que se están valiendo de 

los QDs como potente herramienta dentro de cada grupo. 
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Figura I.3-1. Campos de aplicación de los QDs como herramienta analítica. 

3.1. Análisis por imagen (bioimagen) 

La microscopia de fluorescencia es el método establecido para visualizar las 

estructuras y las moléculas dentro de las células y los QDs están siendo cada vez 

más utilizados como marcadores fluorescentes para imágenes biológicas celulares y 

moleculares [1, 2]. La aplicación de los QDs a este campo es similar a la de 

fluoróforos orgánicos, pero con numerosas ventajas entre las que destacan: i) 

mayor rendimiento cuántico (señales fluorescentes mas intensas), ii) elevados 

tiempos de vida media del fenómeno luminiscente, iii) gran fotoestabilidad lo que 

permite prolongar mucho los tiempos de visualización, vi) espectros de excitación 

amplios y de emisión luminiscente estrechos, y v) capacidad de modificar la 

longitud de onda máxima de emisión luminiscente controlando el tamaño de 

partícula. 

Por otra parte, los QDs funcionalizados con una capa lipídica paramagnética 

permiten su uso para la obtención bimodal de imágenes, tanto de imágenes ópticas 

como de imágenes de resonancia magnética (MRI) [3, 4]. 
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Es importante señalar que los QDs se pueden utilizar para visualizar las 

estructuras celulares y los receptores en las células tanto in vitro como in vivo. La 

investigación in vitro se refiere a la manipulación de órganos, tejidos, células y 

biomoléculas en un ambiente artificial controlado. Mientras que la caracterización 

y el análisis de biomoléculas y sistemas biológicos en el contexto de organismos 

intactos es lo que se conoce como la investigación in vivo. 

Imágenes "in vitro". Se han utilizado los QDs conjugados con diferentes 

biomoléculas para varias aplicaciones inmunohistoquímicas [5], presentando 

importantes ventajas sobre los fluoróforos orgánicos como son, el aumento de 

fotoluminiscencia, fotoestabilidad, perfiles de excitación amplia y emisiones 

estrechas lo que permite la proyección de imágenes multiplexadas.  

Con el desarrollo de imágenes de células, se puso de manifiesto que el tamaño 

de las sondas de QDs era crítica para el marcaje de estructuras subcelulares, tales 

como los nucléolos. Un estudio interesante fue llevado a cabo por Ying y 

colaboradores empleando QDs de CdTe de diferentes tamaños (4 nm, 4.5 nm, 5 

nm) funcionalizados con glutatión para enlazar con las histonas (abundantes en el 

núcleo celular) [6]. Las células de una línea celular HepG2 fueron incubadas con los 

los diferentes QDs de forma consecutiva. Los resultados mostraron que los QDs de 

4 nm de diámetro podían penetrar con rapidez en la matriz celular y unirse a las 

zonas densas, como nucléolos, después de menos de 1 h de incubación. Por el 

contrario, los QDs de 5 nm de tamaño sólo podían acceder al citoplasma después 

de 24 h de incubación y los de 4.5 nm teñían los nucléolos después de 24 h en lugar 

de 1 h de incubación. Estos hallazgos demuestran que la accesibilidad de los QDs a 

los objetivos fijados dentro de la matriz celular y la cinética de los procesos de 

difusión dependen en gran medida del tamaño de los QDs. 
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La principal ventaja de las imágenes "in vitro" es que las muestras de tejido no 

se enfrentan a los problemas específicos de los estudios in vivo tales como 

problemas de toxicidad y opsonización. 

Imágenes "in vivo". Gran cantidad de esfuerzos y trabajos de investigación se 

están centrando actualmente en esta área debido al interesante potencial de los 

QDs para aplicaciones en vivo. Una vez más, las propiedades ópticas únicas de 

puntos cuánticos ofrecen varias ventajas sobre fluoróforos existentes. De particular 

interés para aplicaciones en vivo es la posibilidad de preparar QDs de manera que 

emitan la luz a longitudes de onda precisas desde la región del ultravioleta cercano 

(UV) al infrarrojo cercano (NIR). En la región NIR se reduce la emisión de fondo 

debida a la autofluorescencia de los tejidos, y permite además una mejor 

penetración en el tejido [7-9]. Por otra parte, la diferencia en el tiempo de vida de 

fluorescencia de los QDs permite distinguirlos de la autofluorescencia celular por 

imágenes de fluorescencia por tiempo de vida. Hasta la fecha, el empleo de QDs 

para imágenes in vivo han sido predominantemente aplicadas a la investigación del 

cáncer, con gran cantidad de trabajos dirigidos hacia la detección de tumores. 

Existen enfoques alternativos en los que las células se han marcado 

inicialmente con QDs ex vivo y luego se han administrado in vivo con objeto de 

controlar la extravasación de células tumorales metastásicas y diferenciar los vasos 

del tumor de las células perivasculares y la matriz. Por ejemplo, en una reciente 

aplicación en vivo, el péptido RGD conjugado a QDs se ha utilizado para la selección 

dirigida de imágenes de la vasculatura del tumor [10]. Otros ensayos han 

demostrado el potencial uso de los QDs en la monitorización de las funciones de 

células vivas, para observar el flujo sanguíneo y para producir imágenes de nudos 

linfáticos [11, 12]. 
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Una aplicación de especial interés dentro del análisis de imagen in vivo es 

aquella que, a través de células vivas marcadas con QDs, persigue la identificación 

de los mecanismos de diversos procesos celulares, es decir, permite estudiar la 

dinámica del trafico celular. De hecho, uno de los mayores retos de la biología 

celular es explorar la dinámica molecular de diversos procesos celulares en células 

vivas, y con este fin los QDs pueden ser una herramienta muy útil. La intensidad de 

fluorescencia y fotoestabilidad inherentes de los QDs bajo condiciones fisiológicas 

en ambientes biológicamente relevantes son las principales características que han 

permitido un creciente número de aplicaciones para controlar la dinámica de los 

receptores celulares a nivel molecular. La primera investigación en esta área 

consistió en el estudio del tráfico celular de los distintos receptores de glicina en la 

membrana neuronal [13]. Desde esta primera aplicación, numerosos estudios se 

han llevado a cabo para dilucidar los mecanismos de trasporte celular y dinámica 

de interacciones en vivo. Como ejemplos, esta estrategia se ha aplicado a los 

receptores de glutamato, los motores intracelulares de quinesina y al receptor 

tirosina quinasa A en las células neuronales. Estas investigaciones sirven como un 

excelente ejemplo de que las propiedades ópticas de los QDs permiten la 

visualización del tráfico de receptores dentro de un entorno celular. 

El gran potencial de los QDs en el análisis por imagen también esta siendo 

aprovechado en el campo de la medicina. Es bien conocido por todos la gran 

relevancia que tienen las técnicas de imagen para diagnosticar, tratar y seguir la 

evolución del cáncer, enfermedades cardiovasculares y síndromes neurológicos. 

Los progresos en el diagnóstico por imagen gracias a la incorporación de los QDs 

permiten un diagnóstico a escala molecular y celular cada vez más temprano, que 

ofrece mayores posibilidades de curación. 
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Diversos grupos de investigación han demostrado con éxito su utilidad para la 

localización de tumores en los primeros estadios, por lo que se puede proceder a 

su extirpación inmediata. Para conseguir esta localización, hay que recubrir la 

superficie del QD con moléculas biológicas (biorreceptores) con afinidad hacia un 

compuesto específico. Cierta proteína o ciertas moléculas que se encuentran en 

mayor proporción en la superficie de las células cancerosas como los receptores de 

ácido fólico o la hormona luteinizante, asociado con un tipo de cáncer en 

particular. Cuando los QDs se acercan a una muestra que contiene dicha proteína, 

ambos se unen, pudiéndose detectar la interacción mediante la iluminación de los 

nanocristales con luz ultravioleta y observando su emisión característica. La 

sensibilidad conseguida hasta la fecha es extraordinaria siendo incluso posible 

detectar una célula que contenga tan sólo una de estas nanopartículas. Debido a la 

cantidad de colores en que pueden emitir, los QDs se pueden combinar para 

detectar diversas sustancias, células tumorales, antígenos, etc., de forma 

simultánea. Además con ellos se obtienen imágenes de mucho contraste que con 

los métodos de tinción tradicionales usando láseres menos potentes, y no existe el 

temor de que se apaguen.  

Estos estudios demuestran como hoy, con la ayuda de la tecnología de QDs, los 

investigadores del cáncer son capaces de observar los eventos moleculares que 

ocurren en las células tumorales lo cuál supone un enorme avance en los 

diagnósticos médicos. Pero aún así el uso de QDs en los seres humanos requiere 

una investigación exhaustiva para determinar los efectos a largo plazo de la 

administración de QDs.  

Un dato significativo del gran impacto de los QDs en la nanomedicina es el 

incremento en el número de patentes solicitadas en Estados Unidos. En la Figura 
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I.3-2 se muestran las tendencias de crecimiento que han experimentado las 

patentes nanotecnológicas en Estados Unidos, siendo los nanotubos de carbono y 

los quantum dots, las dos tecnologías que muestran un mayor crecimiento en 

cuanto al número de patentes concedidas. 

 

Figura I.3-2. Crecimiento de patentes nanotecnológicas en Estados Unidos de 
1985 a 2004. Fuente: Bawa, R. (2005). Will the nanomedicine “patent land grab” 
thwart commercialization? Nanomedicine: Nanotechnology, Biology, and 
Medicine, 1 (2005) 346–350. 
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3.2. Análisis (bio)químico 

En el ámbito del análisis (bio)químico, los QDs han sido y siguen siendo 

ampliamente utilizados para el desarrollo de nuevos métodos analíticos gracias a 

sus excepcionales propiedades optoelectrónicas. Para tener una panorámica 

general del impacto de los QDs en este ámbito, se ha realizado un estudio en la 

base de datos “ISI web of knowledge” (marzo de 2011) que ha permitido conocer la 

tendencia en el numero de publicaciones de QDs en el ámbito analítico en la ultima 

década. Como se muestra en la Figura I.3-3(A), el número de publicaciones 

aparecidas en la última década sobre métodos de análisis basados en el empleo de 

QDs sigue un crecimiento exponencial. Dentro de este campo, el desarrollo 

concreto de métodos (bio)químicos basados en la fotoluminiscencia de los QDs es 

una de las líneas de investigación mas intensa y la que ha proporcionado hasta la 

fecha un mayor número de trabajos. En la Figura I.3-3(B) se observa la clara 

desproporción existente, suponiendo los métodos fotoluminiscentes cerca del 75 % 

del total de artículos. 

 

Figura I.3-3. (A) Tendencia en el número de publicaciones aparecidas en la última 
década que emplean QDs como herramientas del proceso analítico; (B) 
Proporción relativa de artículos que desarrollan métodos fotoluminiscentes (1), y 
otros (2). Base de datos “ISI web of knowledge” (marzo 2011). 
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Por tanto, pueden diferenciarse dos principales líneas de investigación 

atendiendo a la propiedad del QD explotada mayoritariamente en el proceso 

analítico, que son: 

1) Desarrollo de métodos basados en la luminiscencia de los QDs, as 

propiedades luminiscentes de QDs luminiscentes, los cuales explotan las 

particulares propiedades fotoluminiscentes de estas nanopartículas.  

2) Desarrollo de métodos basados en otras propiedades de los QDs. Aparte de la 

fotoluminiscencia, los QDs poseen otras singulares propiedades como son por 

ejemplo sus propiedades electroquímicas, fotofísicas, redox, catalíticas, etc., que 

pueden ser ampliamente aprovechadas para el desarrollo de nuevas metodologías 

analíticas. 

A continuación se exponen los principales avances alcanzados hasta la fecha en 

desarrollo de estrategias de análisis basadas en el uso de los QDs. 

3.2.1. Métodos basados en propiedades luminiscentes de QDs 

Los QDs se han utilizado como valiosas herramientas de análisis para el 

desarrollo de numerosos sistemas ópticos de detección. Sin ninguna duda, el 

empleo de los QDs como transductores ópticos de detección se ha beneficiado 

claramente de los avances logrados en las estrategias de funcionalización de la 

superficie de los QDs con ligandos funcionales específicos. 

Con la modificación de su superficie por diferentes ligandos, se han diseñado 

sensores ópticos fluorescentes basados en QDs que responden selectivamente a 

muchos cationes de metales fisiológicamente importantes, por ejemplo, Zn2+, Cu2+ 

[14, 15] Ca2+, Mg2+, Mn2+, Ni2+, Co2+ [16], y Ag+ [17], así como a la presencia de 

algunos aniones, tales como F-, Cl-, Br-, HS- y CH3COO- [18], CN- [19] y I- [20]. Se han 
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diseñado también QDs conjugados con determinados receptores que responden a 

moléculas orgánicas simples, como el TNT, biomoléculas como por ejemplo 

proteínas, antígenos, anticuerpos y ADN, e incluso distintos tipos de 

microorganismos [14, 15]. 

Además, se han utilizado los QDs para el desarrollo de sensores de temperatura 

y pH [21], como trazadores de velocimetría de flujo en dispositivos microfluídicos 

[22] y como sensores de gas [23]. 

El empleo de los QDs como sistemas ópticos de detección para el desarrollo de 

(bio)sensores luminescentes puede clasificarse en dos grupos principales según se 

lleve a cabo una medida directa de la fluorescencia del QD, o bien una medida 

indirecta. Adicionalmente, dentro de los métodos directos cabe distinguir el papel 

que juega el QD en el reconocimiento, ya que puede ser activo ó pasivo. 

 Métodos directos  

A) Sensor activo directo (interacción directa analito-superficie del QD) 

Los estudios fundamentales de las propiedades optoelectrónicas de los QDs 

revelaron que las propiedades de fotoluminiscencia de QDs dependen en gran 

medida de su estado de superficie, siendo por tanto muy sensibles a cambios que 

se produzcan en su superficie. Por lo tanto, interacciones químicas o físicas 

eventuales interacciones entre la especie química (analito a determinar) con la 

superficie de las nanopartículas da lugar a cambios en las cargas superficiales del 

QD y pueden afectar a la emisión de fotoluminiscencia de los QDs. Este es el efecto 

explotado para el desarrollo de las tecnologías de detección de "especies 

reactivas", denominando a los sistemas de QDs basados en esta estrategia de 

transducción “sensores activos directos”. Son numerosos los métodos de análisis 
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descritos hasta el momento que se basan en la medición de los cambios de 

fluorescencia que se producen como resultado de la interacción del analito con la 

superficie del QD [14, 15]. Los cambios observados en la fluorescencia del QD 

pueden tratarse de: i) un aumento o amplificación (activación de luminiscencia), o 

bien, ii) una disminución o atenuación (desactivación de luminiscencia), siendo 

mucho más numerosos los ejemplos en los que se mide una disminución de la 

intensidad de fluorescencia. 

En algunos casos los cambios en la superficie del QD pueden ocurrir por 

ejemplo vía coordinación o substitución de los átomos de Cd por otros cationes 

metálicos. Por ejemplo, se ha descrito el uso de QDs de CdSe modificado con ácido 

mercaptoacético para la determinación selectiva de Ag+ vía la desactivación de la 

fluorescencia a 543 nm y aumento en el rango de 570-700 nm. Estos cambios en las 

propiedades de emisión de los QDs son atribuidas al desplazamiento químico de 

Cd2+ por iones Ag+ en la superficie debido a la baja solubilidad de Ag2Se [24]. Un 

ensayo similar fue realizado para los iones Cu2+ usando QDs de CdSe/CdS 

modificados con grupos mercaptoetanol. La detección depende de la unión de Cu2+ 

sobre la superficie de los QDs, dando como resultado un desplazamiento químico 

de Cd2+ y la formación de CuSe [25]. Otros ensayos con QDs implican la 

coordinación de iones metálicos con las moléculas ancladas en el recubrimiento. 

Por ejemplo, QDs de CdTe con ácido 3-mercaptopropionico se han utilizado para la 

detección selectiva de Cu2+. La señal es una desactivación parcial tras la 

coordinación del metal en la superficie funcionalizada [26]. Un segundo ejemplo 

fue descrito por Gattás-Asfura y Leblanc quienes diseñaron QDs de CdS recubiertos 

con un pentapéptido. Este sistema muestra una elevada selectividad frente a Cu2+ y 

Ag+ en presencia de otros iones metálicos biológicamente importantes. Los autores 
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describen que la complejación de sólo un catión en la superficie de los péptidos es 

suficiente para provocar la desactivación significativa de la luminiscencia [27].  

El inicio en el desarrollo métodos basados en un aumento de fluorescencia se 

encuentra en los trabajos pioneros de Spanhel y colaboradores [28]. Estos autores 

observaron que la adición de iones Cd2+ a una solución acuosa y básica de QDs de 

de base acuosa que contiene CdS no pasivados resultaba en una mejora importante 

del rendimiento cuántico de luminiscencia de los QDs, sin cambios detectables en 

el tamaño de las partículas. Este efecto se atribuyó a la formación de una capa de 

Cd(OH)2 sobre el núcleo de CdS, que elimina eficazmente la recombinación no 

radiativa de los portadores de carga. Un efecto similar de activación de 

fotoluminiscencia (atribuida a la pasivación de los defectos superficiales que actúan 

como sitios trampa) también se observó después de la adición de iones Zn y Mn a 

las soluciones coloidales de CdS o QDs de ZnS [29, 30]. Este comportamiento sirvió 

de base para detección de tales cationes metálicos. Otro ejemplo de método 

basado en un aumento de fluorescencia se basó en la mejora de la luminiscencia 

cuántica de QDs de CdS modificados en su superficie con L-cisteína para la 

detección óptica de niveles traza de iones de plata. En este trabajo, los autores 

proponen que la formación de complejos entre los iones de plata y los grupos RS 

adsorbidos en la superficie del QD da lugar a nuevos centros radiativos en el 

complejo CdS/Ag-SR, resultando en el aumento de fluorescencia observado. 

En lo que respecta a la detección de aniones, Sanz-Medel y colaboradores han 

desarrollado QDs de CdSe funcionalizados con tert-butil-N-(2-mercaptoetil)-

carbamato para la detección selectiva y sensible de cianuro en metanol vía 

desactivación luminiscente. En una ampliación del trabajo, los autores prepararon 

CdSe QDs solubles en agua recubiertos de 2-mercaptoetano sulfonato para la 
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detección nuevamente de cianuro en medio acuoso [31]. En otro ejemplo, QDs de 

CdSe modificados con polifosfatos se han utilizado para la detección óptica de 

ioduro [32].  

Aunque todos los métodos anteriormente comentados, basados en la 

detección de los cambios de fluorescencia que se producen después de la 

interacción del analito con la superficie del QD, son muy simples, fáciles de 

desarrollar y algunos tienen una sensibilidad muy alta, presentan sin embargo 

algunos serios inconvenientes. Desafortunadamente, estos métodos parecen 

limitarse a la detección de sólo unas pocas moléculas pequeñas o iones reactivos 

(los que pueden interactuar con la superficie del QD). Por otra parte, la falta de 

selectividad, la baja estabilidad de los QDs en medios acuosos, y la aplicabilidad 

limitada de análisis de muestras reales (debido a las especiales condiciones 

experimentales necesarias) son algunas de las limitaciones de algunos de los 

sensores ópticos propuestos hasta ahora. 

B) Sensor pasivo (interacción analito-receptor conjugado al QD) 

La conjugación de reactivos selectivos a la superficie del QD es otra estrategia 

muy utilizada para el desarrollo de sondas fluorescentes. Siguiendo esta estrategia 

se ha desarrollado un biosensor para la detección del plaguicida paraoxón. Este 

consistió en la síntesis de QDs de CdSe funcionalizados con ácido tioglicólico e 

incorporados junto con la enzima organofosforados hidrolasa en una película 

delgada. La exposición de esta película al paraoxón da lugar a cambios detectables 

en la emisión de fotoluminiscencia de los QDs que se atribuye a la interacción 

selectiva del analito con la enzima inmovilizada [33]. 
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 Métodos indirectos  

Muchas de las aplicaciones desarrolladas hasta el momento que utilizan los 

QDs como sistemas ópticos de detección se basan en la transducción de señales a 

través de metodologías de señalización basadas en transferencia de energía. En 

estos sistemas la magnitud de la señal, generada como consecuencia de la 

interacción entre el elemento de reconocimiento y la molécula reconocida, 

depende de la eficacia con que se produce la transferencia electrónica, o la 

trasferencia energética particular, entre un elemento donador, que puede ser el 

analito, y otro receptor, que será la molécula de reconocimiento u otro elemento 

unido a ésta. Dado que la eficacia de la transferencia donador/aceptor (D/A) está 

directamente relacionada con la distancia entre ambos, la modulación del proceso 

de transferencia proporciona un medio efectivo de señalización para diseñar una 

amplia variedad de quimio/bio(sensores) basados en QDs.  

Basándose en este modelo existen dos alternativas principales utilizadas como 

mecanismo de detección en el diseño de sensores basados en QDs, que son: i) los 

métodos que se basan en la transferencia de energía de resonancia fluorescente 

(FRET, del ingles fluorescence resonance energy transfer), y ii) los métodos basados 

en la transferencia electrónica fotoinducida (PET, del ingles photoinduced electron 

transfer). A continuación se describen brevemente ambos fenómenos y se 

comentan algunos ejemplos de cada tipo. 

i) Transferencia de energía de resonancia fluorescente (FRET) 

En este fenómeno la energía de excitación de una especie donadora, que se 

excita en condiciones normales pero no emite fotones, es transferida por 

resonancia a una especie aceptora, que es la que realmente emite los fotones. Los 
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QDs en la pareja donador-aceptor de FRET pueden actuar como donantes o 

aceptores [34, 35]. Para que se produzca la transferencia de energía deben 

cumplirse dos requisitos: (1) el donador y el aceptor tienen que estar muy próximos 

entre sí (< 10 nm, lo que permite asegurar que existe una asociación directa entre 

ambas especies), y (2) la emisión del donador tiene que solapar con la absorción 

del aceptor. 

Una de las principales ventajas de usar QDs en sistemas FRET se debe a que el 

espectro de emisión de los QDs es más estrecho y más simétrico que la emisión de 

los fluoróforos orgánicos convencionales, por lo que es mucho más fácil distinguir 

la emisión del donador de la del aceptor. Además, los altos rendimientos cuánticos 

de los QDs permiten la transferencia de energía de forma muy eficiente. 

El proceso FRET es fuertemente dependiente de la distancia, concretamente la 

pérdida de eficacia está relacionada con la sexta potencia de la distancia. En teoría, 

el principio de detección se basa en la separación física entre el donador y aceptor, 

así como en su solapamiento espectral. Por lo tanto, la eficacia de la transferencia 

de energía y la intensidad de luminiscencia de los QDs pueden ser manipuladas por 

la interacción de los analitos con los QDs. De esta forma la presencia de analitos se 

puede transducir en una señal óptica detectable.  

Esta estrategia de análisis se ha explotado, por ejemplo, para el desarrollo de 

un sistema de determinación de ADN usando QDs de CdSe/ZnS derivatizados con 

una cadena de ADN terminada en un grupo tiol. Tras la hibridación de la cadena 

complementaria de ADN marcada con un cromóforo, se produce la transferencia 

de energía del QD al cromóforo, y como consecuencia se obtiene una señal FRET 

[36].  
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En otro ejemplo, QDs de CdSe han sido utilizados como donandores de energía 

en el desarrollo de un ensayo de FRET competitivo para la maltosa. El par aceptor-

donador se prepara utilizando la proteína enlazante de maltosa (MBP) asociada con 

un QD, que emite fluorescencia a 560 nm, y un ligando de ciclodextrina marcado 

con un cromóforo amortiguador de la fluorescencia. En ausencia de maltosa el 

ligando análogo de ciclodextrina-cromóforo permanece unido a la proteína y por 

tanto la proximidad del cromóforo amortiguador hace que la fluorescencia del QD 

se transfiera a éste. En presencia de su ligando natural, la maltosa, se produce el 

desplazamiento y por tanto cesa la amortiguación al aumentar la distancia entre el 

aceptor y el donador, desarrollándose la fluorescencia [37]. La Figura I.3-4 muestra 

esquemáticamente el principio de operación de esta estrategia de análisis. 

 

Figura I.3-4. Ensayo FRET competitivo para la determinación de maltosa basado 
en el empleo de QDs como especie donadora. MBP: proteína enlazante de 
maltosa, CD: ciclodextrina, Dye: cromóforo  



I.3. QDs como herramienta  

 

85 

 

El mismo mecanismo de transducción se ha aprovechado para la detección de 

moléculas orgánicas simples como es el explosivo 2,4,6-trinitrotolueno (TNT). En 

este ejemplo los QDs son conjugados con un anticuerpo que reconoce 

específicamente el TNT y la formación del complejo anticuerpo-TNT lleva a la 

modulación de la señal FRET entre el QD y un cromóforo unido inicialmente al 

anticuerpo [38]. 

ii) Transferencia electrónica fotoinducida (PET) 

Los procesos de transferencia de electrones desempeñan un papel crucial en la 

señalización molecular en sistemas biológicos, en la energía solar recogida en los 

sistemas naturales y artificiales, o en la fotocatálisis. Bajo la excitación con luz tanto 

el electrón en la banda de conducción como el hueco en la banda de valencia 

pueden participar en los procesos de transferencia de electrones.  Debido al PET, la 

luminiscencia del QD es efectivamente atenuada, en concreto la eficacia cae 

exponencialmente con la distancia, y esta modulación de la luminiscencia por PET 

puede ser explotada en numerosas aplicaciones [34, 35, 39]. 

Por ejemplo, mediante un proceso de PET, una proteína de unión a maltosa 

(MBP) se puede dirigir para manipular la luminiscencia de un QD. En este ejemplo, 

un complejo donador de rutenio situado cerca de la superficie del nanocristal 

transfiere electrones eficientemente al QD tras su excitación. Como consecuencia 

la luminiscencia del QD disminuye. Tras la adición de maltosa al sistema, la 

conformación de la proteína cambia de manera significativa, alejándose el 

complejo de rutenio de la superficie del QD y, en consecuencia, la eficiencia de 

transferencia de electrones disminuye conduciendo a un aumento de la 
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luminiscencia del sistema. En la Figura I.3-5 se muestra el principio de operación de 

este método.  

En otros en sistemas de detección basados en QDs se han utilizado estrategias 

similares de la modulación de la transferencia de electrones a través de cambios 

conformacionales producidos por un evento de reconocimiento molecular [40]. 

 

Figura I.3-5. Ensayo PET para la determinación de maltosa basado en el empleo 
de QDs como especie aceptora de los electrones del complejo de rutenio.       
MBP: proteína enlazante de maltosa.  

Por su relevancia, nos parece interesante resaltar el importante papel que 

juega la tecnología de los QDs en el ámbito clínico. Existen numerosos ejemplos de 

biosensores luminiscentes a base de QDs para aplicaciones en el diagnóstico 

clínico. Estos se pueden aplicar a pequeñas muestras de fluidos corporales o de 

tejidos, a partir de los cuales se puede llevar a cabo una detección específica (de 

patógenos o defectos genéticos, por ejemplo) en tiempos muy cortos, con gran 

precisión y sensibilidad. Pero el principal aporte de los QDs en el desarrollo de 

nuevos métodos de diagnóstico se basa en la posibilidad de hacer un diagnóstico 

multiplexado.  Usando QDs de distinto tamaño o composición, y por tanto con 

emisiones de distinto color, se puede llevar a cabo la detección simultánea de 

múltiples analitos ó biomarcadores de enfermedades (parámetros clínicos) 
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consiguiendo un diagnóstico mas fiable y exacto. El deseo para el diagnóstico de 

multiplexado es también impulsado por la aparición de muchos nuevos 

biomarcadores (por ejemplo, para la enfermedad de Alzheimer) con una mayor 

selectividad y sensibilidad. 

Muy recientemente los investigadores del Centro de Investigación Cooperativa 

en Biomateriales (CIC biomaGUNE), han desarrollado un nuevo método de 

diagnóstico basado en QDs que puede tener aplicación en los análisis clínicos del 

sida, la hepatitis C y otras enfermedades infecciosas. La nueva técnica, para la cual 

se ha solicitado una patente, se basa en el uso de los QDs para detectar la actividad 

de dos enzimas principalmente: por un lado, la acetilcolinesterasa, una enzima 

humana que se encuentra en los tejidos nerviosos y los glóbulos rojos; y, por otro, 

la fosfatasa alcalina, una enzima responsable de eliminar fosfatos de las moléculas.  

Por otra parte, muchos de los esfuerzos actuales en esta área se centran en la 

exploración de las capacidades de multiplexación masiva de los QDs para la 

detección simultánea de múltiples biomarcadores de cáncer en ensayos de sangre 

y biopsias de tejido de cáncer, con objeto de conseguir el diagnóstico precoz del 

cáncer. 

3.2.2. Métodos basados en otras propiedades de QDs 

Este apartado se presenta ampliamente discutido en el trabajo de revisión 

recogido en el Capítulo 1 y que completa la introducción de esta Tesis Doctoral. 

Esta revisión examina los recientes avances en el desarrollo de estrategias 

analíticas aprovechando las características no fluorescentes de los QDs, tales como 

su electroquímica, fotoelectroquímica, propiedades redox, y sus efectos 

catalizadores y amplificación.  
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Quantum dots have been widely explored as fluorescent probes for 

(bio)analytical applications, and as labels for tagging and imaging biological 

systems, in the past decade. However, exploitation of their nonfluorescent 

characteristics for analytical purposes started only recently. At present, a number 

of approaches are being investigated with a view to further extending the 

analytical uses of such an attractive material as QD nanoparticles. This review 

explores the properties of QDs and the role they may play in advanced analytical 

strategies. To this end, it examines recent advances in the development of 

analytical strategies exploiting nonfluorescent characteristics of QDs such as their 

electrochemical, photoelectrochemical and redox properties, and their catalytic 

and amplification effects. Also, it provides a brief description of QD synthesis, 

solubilization, surface chemistry and conjugation, as well as of their unique 

features. The relative strengths and weaknesses of QD-based analytical 

techniques other than those relying on photoluminescent properties are 

discussed, especially as regards nonoptical techniques using QDs in combination 
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with various types of electrochemical sensors, and photoelectrochemical and 

electrochemiluminescence methods. Some powerful optical techniques including 

resonance light scattering (RLS), surface-enhanced Raman spectroscopy (SERS) 

and inductively coupled plasma-mass spectrometry (ICP-MS), which have lately 

been used in conjunction with QDs, are also reviewed. 
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INTRODUCTION 

Quantum dots (QDs) are semiconductor nanocrystals, i.e. semiconductors with 

all three dimensions falling in the 1–10 nm size range or, more precisely, highly 

crystalline molecular sized semiconductor nanocrystals made up of 100–100 000 

atoms. In many respects, these luminescent nanocrystals constitute a transitional 

stage between bulk semiconductors and single atoms. In extended semiconductors 

such as metals or insulators, overlapped atomic orbitals lead to the formation of 

valence and conduction bands separated by an energy gap (E). Exciting a 

semiconductor causes an electron to be promoted from the filled valence band to 

the (mostly) empty conduction band, thereby leaving a positively charged “hole” in 

the valence band behind. The spatial separation (Bohr radius) of this electron–hole 

pair (an “exciton”) is typically in the region of 1–10 nm for most semiconductors 

and three-dimensional confinement of the electrons and holes in QDs arises when 

the size of the nanocrystals decreases below the Bohr radius. In QDs, which fall in 

the same size range, excitons are confined similarly as in the particle-in-the-box 

model. The energy difference between the valence and conduction bands increases 

with increasing confinement and is therefore a function of nanocrystal size.1 As a 

consequence, the optical and electronic properties of QDs are size-dependent and 

governed by quantum effects resulting in a quantization of energy levels 

resembling that of single atoms or molecules. 

Quantum dots have aroused widespread interest by virtue of their exceptional 

optical, electronic, electrochemical, photophysical, redox and catalytic properties. 

QDs are in fact being increasingly used in existing and emerging technologies, and 
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may play a prominent role in many areas including physics, chemistry, biology, 

medicine, materials science and interdisciplinary fields in the future.  

 A number of feature articles and original papers on the intrinsic 

fluorescence of QDs have been published in the analytical literature in the last 

decade and several reviews illustrating their uses as fluorescent probes or labels 

have recently appeared.2–4 However, other unique and promising properties of QDs 

such as their electrochemical, redox and catalytic activity have scarcely been used 

to develop novel analytical approaches.  

 This paper reviews progress in the incorporation of QDs into analytical 

methods exploiting properties other than their fluorescence. Because the practical 

uses of QDs have so benefited from major advances in their synthesis, 

solubilization, surface chemistry and conjugation, this review starts with a brief 

summary of these aspects. A summary of the attractive nonphotoluminescent 

properties of QDs is followed by a discussion of the advances in analytical 

strategies based on them, with special emphasis on QD-based methods generating 

analytical responses as diverse as electrochemical, photoelectrochemical, 

electrochemiluminescence, resonance light scattering and Raman signals. 

QD synthesis 

Available synthetic procedures for QDs have been the subjects of several 

reviews.5,6 There are two generic methods for preparing QDs, namely: (1) 

formation of nanosized semiconductor particles through colloidal chemistry, which 

involves homogeneous nucleation; and (2) epitaxial growth, template approaches 

or lithography-based techniques, which rely on heterogeneous nucleation (see Fig. 
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1A). These two method categories can be divided into specific synthetic routes 

such as the following:  

(A) Colloidal chemistry, also referred to as “solution chemical methods”, which 

can be tentatively classified into three main categories according to whether they 

rely on (i) molecular precursors, (ii) controlled precipitation or (iii) cluster-build-up.7 

(i) The ‘molecular precursor approach’ includes those methods with which QDs 

are prepared by thermal or chemical treatment of a system containing precursor 

molecular species such as metal complexes or molecular compounds in solution. 

This synthetic route, which is seemingly easy to implement and amenable to “one-

pot” development,8–10 has been used to prepare QDs in various media including 

trioctylphosphine oxide (TOPO)–trioctylphosphine (TOP), aqueous solutions and 

reverse micelles. The most common synthetic procedure of this type involves the 

rapid injection of semiconductor precursors into hot, vigorously stirred 

coordinating solvents such as 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 procedure provides high-quality nanocrystals spanning 

narrow size distributions by effect of their discrete, uniform nucleation, and 

subsequent slow growth and annealing. Aqueous based QD preparations have 

been proposed as an alternative11 whereby the semiconductor precursors are 

injected directly into water in the presence of a stabilizer such as a thiolate, sodium 

polyphosphate or other polymer to restrict QD growth. Reverse micelles are also 
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widely used as a synthetic medium for semiconductor QDs;12–15 the procedure 

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

amphiphilic surfactant such as sodium dioctyl sulfosuccinate (AOT).12,13  

(ii) ‘Controlled precipitation’ methods are based on traditional precipitative 

techniques involving the formation of a stable sol from a mixture of chemical 

components of the semiconductor in the form of the respective ionic sources. The 

sol is made stable either by a stabilizer (e.g., a polymer, surfactant or Lewis base) 

added to the solution or by electric double-layer repulsion. The formation of 

nanoparticles with sol–gel methods is also included in this category. The sol–gel 

method is based on inorganic polymerization reactions involving four steps: 

hydrolysis, polycondensation, drying and thermal decomposition.16 

(iii) Finally, the ‘cluster-build-up approach’ for QD preparation encompasses 

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. 

(B) Epitaxy-based methods, by which a crystalline material is grown orderly 

over a pre-existing crystalline substrate. The production of epitaxial QDs usually 

follows the Stranski–Krastanov mode of growth on a wetting layer with formation 

of coherent islands. Although they provide an affordable means for growing high-

quality crystalline materials for quantum devices,17,18 these methods are expensive 

and provide no control over the positioning of individual dots. There are many 

types of epitaxy, their main difference being the source of the atoms (a molecular 

beam, a gas, a liquid or even an amorphous solid layer). 
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(C) Template approaches, where a variety of materials including porous 

alumina, polymer gel, surfactants, activated carbon and carbon fiber can be used as 

templates to synthesize various kinds of nanostructured porous materials.19  

(D) Lithography-based techniques, which combine high-resolution electron 

beam lithography and subsequent etching.20 There are two types of lithographic 

techniques, namely: 

(i) Photolithography, which is widely used to obtain patterned substrates. The 

substrate is irradiated with UV or X-ray light, for example, through a mask with pre-

patterned features (e.g., in e-beam lithography). This allowed the selective 

immobilization of CdSe/CdS QDs on a substrate by selective photoactivation of the 

surface to provide amine functionality, the QDs undergoing a ligand exchange 

reaction and bonding to amine groups as a result.21  

(ii) Soft lithography patterning techniques such as microcontact printing (μCP), 

nanoimprint lithography or scanning probe based lithography, which are 

particularly attractive because they are operationally simple and highly cost-

effective as they require no clean-room facilities. In the microcontact printing 

method, an elastomeric “stamp” is molded from a previously fabricated silicon 

master. The stamp is often made of elastomers [e.g., crosslinked 

poly(dimethylsiloxane), PDMS]. PDMS has been used as a stamp to transfer many 

different nanoparticles including QDs onto various substrates.22,23 QD deposition on 

surfaces by μCP simply entails inking the PDMS stamp with a QD solution and 

bringing the inked stamp into conformal contact with the substrate. Interactions 

with the QD ink can be modified by oxidizing the PDMS stamp in order to render its 

surface hydrophilic. However, lithographic methods and subsequent processing 
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often result in contamination, defect formation, size nonuniformity, poor interface 

quality or even damage to the bulk of the crystal. 

Whereas colloidal chemistry is mostly used for the synthesis of QDs for 

(bio)analytical chemistry applications, QDs obtained with the other approaches are 

widely used in optoelectronics (lasers, infrared photodetectors) and 

nanotechnology. 

 

Figure 1. (A) Methods for QDs synthesis; (B) Bandgaps (E) of several semiconductors. 

QD Types and Shell growth 

The most common QDs are binary semiconductor compounds consisting of II–

VI elements [viz., cadmium sulfide (CdS), cadmium selenide (CdSe), cadmium 
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telluride (CdTe), zinc selenide (ZnSe), lead sulfide (PbS), and mercury sulfide (HgS), 

among others].24–31 Other QDs contain III–V elements; such is the case, for 

example, with indium phosphide (InP), gallium nitride (GaN), gallium arsenide 

(GaAs) and indium arsenide (InAs) dots,32,33 and still others consist of a single 

element such as silicon or of three elements with two of them at either cation or 

anion sites (e.g., CdZnS, CdSSe, InNP). All these QDs have a simple core structure 

and a typical energy bandgap (E) which determines the color of their emission. 

Irrespective of the constituent material, the excitation and emission of QDs are 

size-dependent, which is one of their unique features. As a result, QDs in ultra small 

sizes have high excited state energies, and blue-shifted excitation and emission, 

relative to the bulk material. In addition, their bandgap can be adjusted not only by 

controlling the size of the nanoparticles, but also by altering their composition. For 

semiconductor nanocrystals, the bandgap energy (E) typically ranges from 0 to 6.0 

eV. Figure 1B shows the bandgap energies for selected semiconductor materials. 

Semiconductor nanocrystals can classified into three groups according to bandgap 

energy, namely:  

 0 < E < 0.5 eV, narrow bandgap semiconductors  

 0.5 eV < E < 2.0 eV, standard semiconductors  

 2.0 eV < E < 6.0 eV, wide bandgap semiconductors 

Although these QDs have a simple core structure, the semiconductor core 

material must be protected from degradation and oxidation in order to maintain 

and optimize QD performance. Both shell growth and surface modification enhance 

the stability and boost the photoluminescence of the core.  

Shell growth provides protection by coating or capping the core with a thin 

layer of second semiconductor material with an increased bandgap to form a core-
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shell structured QD.34,35 Semiconductor shells are also inorganic in nature and 

usually consist of compounds such as zinc sulfide (ZnS) or selenide (ZnSe). 

Semiconductor shells are grown epitaxially by adding shell precursors dropwise into 

a crude nanocrystal mixture at a temperature below that for core synthesis. The 

low temperature used facilitates shell growth by capping pre-existing nanoparticle 

cores instead of initiating separate nucleation of shell precursors. The increased 

bandgap energy relative to the core, allows core–shell QDs to better confine the 

exciton wave functions and avoid recombination via surface defect states or other 

nonradiative mechanisms. As a result, passivation of the nanocrystal surface by a 

thin semiconductor shell raises the quantum yield up to 50–70% with, for example, 

CdSe/ZnS, CdSe/CdS and ZnSe/ZnS core/shell structures, without significantly 

altering the absorption and emission wavelengths.36–38 Core–shell–shell 

nanocrystals have also been obtained from material combinations such as 

CdSe/CdS/ZnS, CdSe/ZnSe/ZnS and CdSe/ZnTe/ZnS.39,40 The central shell affords 

substantial strain relaxation between the inner core and outer shell, and helps to 

further improve the photoluminescence efficiency and photostability to levels 

above those for CdSe/ZnS nanocrystals. 

Surface modifications 

Surface modification of QDs provides a method for tuning the overall 

properties of particles in order to fit targeted applications. A review of available 

methods for chemical surface modification of QDs was recently published.41 QD 

surface functionalization with molecules/particles/polymers is done for various 

purposes, namely: 
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(a) Stabilizing dissolved QDs. Colloidal solutions of QDs are unstable owing to 

their typically high surface-to-volume ratios, which cause nanoparticles to 

aggregate, especially in the presence of heat, UV light or ions. This requires their 

surface functionalization with a suitable ligand in order to increase their stability in 

solution. 

(b) Increasing QDs solubility in some solvents in order to expand their scope of 

application. The most widely used synthetic methods in this context are those for 

organically capped QDs (e.g., TOPO-capped QDs), which are only soluble in 

nonpolar solvents such as toluene or chloroform. For QDs to be useful in biological 

and (bio) analytical applications, they must be made water-soluble and surface-

modified to ensure biocompatibility. 

(c) Further derivatization. Functional groups capable of efficiently binding to 

QD surfaces range from simple functionalities such as hydroxyl or carboxyl, through 

short chain polymers (e.g., PEG, chromophores) to large biomacromolecules (e.g., 

proteins, DNA, enzymes). 

Many applications to biological and (bio)analytical systems require QDs to be 

water-soluble. In response, a number of effective methods for obtaining 

hydrophilic QDs have been developed which involve (i) cap exchange (viz., 

replacement of the native hydrophobic ligands with hydrophilic molecules) or (ii) 

encapsulation in a heterofunctional coating (an amphiphilic polymer) through 

hydrophobic interaction with the capping molecules. 

(i) Surface ligand exchange. Quantum dots can be solubilized via two different 

surface ligand exchange methods. One involves replacing the native capping 

molecules (e.g., TOPO) with ambidentate organic ligands; these are bifunctional 
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molecules that can coordinate to the QD surface trough a soft acid group (usually a 

thiol group) and have hydrophilic (carboxylic, amine) groups pointing outwards 

from the QD surface to bulk water molecules. Successful thiol group attachment 

has been achieved by using mercapto compounds, cysteine residues and chemically 

reduced proteins. Replacing monothiols with polythiols or phosphines usually 

improves stability. The other surface exchange method involves using silane 

derivatives to displace the coordinating ligand on the QD surface in order to have a 

layer of silica form around it.42 The thickness of the silica shell is dictated by the 

reaction conditions (particularly, the reaction time). Although encapsulating QDs 

with a silica shell is more complicated than preparing mercaptoacetic acid-capped 

QDs, it provides substantial advantages such as increased stability in the QDs by 

effect of an increased degree of crosslinking between silane molecules; also, the 

procedure is identical irrespective of the particular type of siloxane used. 

(ii) Amphiphilic polymer coating. QDs can not only be encapsulated, but also 

wrapped in amphiphilic macromolecules. The hydrophobic moieties of the cap 

interact with the native TOPO molecules (or analogous functional ligands) at the 

QD surface, whereas the hydrophilic outer block points to the aqueous phase. 

Growing an amphiphilic polymer shell around a QD is similar to coating it with 

silica; however, instead of forming a shell by displacing TOPO molecules remaining 

on the surface, the amphiphilic polymer takes advantage of the hydrophobic nature 

of the coordinating ligands. This QD encapsulation method has been used with 

amphiphilic copolymers, phospholipids and bulky molecules such as tetrahexyl 

ether derivatives of p-sulfonatocalix[4]arene. This method, however, is not 

restricted to amphiphilic molecules. Thus, QDs can be encapsulated with polymers 

via phase separation in oil-in-water microemulsions containing a surfactant.43 
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Solvent evaporation and crosslinking of the polymer structure produces robust 

nanostructures of polymer-encapsulated QDs. Figure 2 depicts selected methods 

for chemical surface modification of QDs. 

In addition to surface modification for easier solubilization, QDs can be 

conjugated with biological substances such as proteins, oligonucleids and small 

molecules, which are used to direct QD binding in biolabeling and biosensing 

applications. Biomolecules can be bound to QD surfaces either directly (covalently 

or noncovalently) or via a stabilizing layer acting as a crosslinker between the ligand 

and the nanoparticle reactive surface. Covalent attachment of biomolecules to 

quantum dots is achieved through direct linkage to the QD surface coating or via 

small molecule crosslinkers. The direct linkage method involves the replacement of 

thiol acids present on the QD surface with thiolated biomolecules. This type of 

binding was used, for example, to covalently link streptavidin maleimide44 or to 

conjugate transferrin and mouse anti-human monoclonal antibody to CdSe/ZnS 

QDs.45 One of the most common coupling methods uses water-soluble 1-ethyl-3(3-

dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-

hydroxysulfosuccinimide (NHS) to form QD–protein covalent conjugates. Another 

common conjugation scheme uses the biotin–streptavidin linkage, which requires 

coupling QDs to streptavidin. Noncovalent direct binding can be accomplished 

electrostatically. This approach has been used to bind cysteamine-stabilized CdTe 

QDs to single-stranded DNA through electrostatic attraction between positive 

amino function groups on the surface of the quantum dots and negatively charged 

DNA.46 Although electrostatic interactions are less stable than covalent attachment, 

the electrostatic noncovalent self-assembly approach is operationally simpler and 

more effective. Direct adsorption of a biomolecule onto a QD surface provides 
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another noncovalent attachment method. Water-soluble CdSe/ZnS QDs have been 

found to spontaneously adsorb chemically modified peptides and other 

biomolecules on their surface. 

 

Figure 2. Some strategies for chemical surface modification of QDs. 

QD properties 

By virtue of their small size (1–10 nm in diameter), QDs have a discrete 

electronic energy that endows them with unique optical, electronic and 

photophysical properties which vanish beyond this size range through the loss of 

their quantum confinement effect. The discrete energy levels of QDs affect their 

electronic structure as follows: 

– The addition or subtraction of a few atoms from a QD alters its bandgap 

boundaries. 
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– Altering the surface geometry of a QD also changes its bandgap energy, again by 

effect of the small size of the dots and their quantum confinement properties. The 

bandgap in a QD will always be energetically larger; therefore, we refer to radiation 

from QDs as “blue shifted” to state the fact that electrons must jump from one 

energy level to another of greater energy difference and thus produce radiation of 

a shorter (bluer) wavelength. As with bulk semiconductor materials, electrons tend 

to undergo transitions near the bandgap edges. With QDs, however, simply 

adjusting the size of the dots suffices to control the size of the bandgap. The fact 

that the emission frequency of a dot is bandgap-dependent, allows its output 

wavelength to be controlled with extreme precision. 

In addition to affecting the electronic structure of QDs, quantum confinement 

leads to dramatic changes in their optical, electronic and photophysical properties. 

Optical properties 

The most salient optical properties of QDs are as follows:  

– Fluorescence emission, which arises from radiative electron–hole 

recombination.  

–  Size and composition tunable fluorescence emission from Vis-IR wavelengths.47 

For example, the emission maximum of CdSe QDs can be adjusted nearly 

continuously from 450 to 650 nm.48 The wavelength of emitted light is determined 

by the bandgap energy. Because this energy is size-dependent, so is the emission 

color of QDs; thus, the smaller a QD is, the more blue-shifted (hypsochromic) are its 

absorption and emission. The tunable emission properties of QDs are unique, even 

in relation to organic dyes. 
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–  Spectral emission. The emission spectra for QDs are narrow and symmetric; by 

contrast, those for organic fluorophores such as fluorescein are broad and have a 

tail extending to long wavelengths. Because of the presence of discrete energy 

levels in the valence and conduction bands, a monodisperse sample of QDs gives 

narrow emission lines. However, perfectly homogenous samples are difficult to 

obtain, and size distribution and defects broaden the emission spectrum for QDs. 

Dots with emission spectra with full widths at half maximum (FWHM) of 20–50 nm 

can be routinely synthesized at present. 

–  Brightness. Quantum dots exhibit extreme brightness (i.e., the product of the 

emission quantum yield and coefficient of extinction) and have molar extinction 

coefficients in the region of 5.5 × 106 M−1·cm−1 that increase toward the visible and 

near-UV wavelengths.49,50 Also, they have been estimated to be up to 20 times 

brighter than organic dyes. 

–  Light absorption. The absorption profiles for QDs are very broad compared to 

conventional dyes. Broad absorption spectra allow for the excitation of multiple 

QDs of variable size at a single excitation wavelength.  

–  Stokes spectral shifts. The Stokes shifts for QDs can be as large as 300–400 nm. 

Because the Stokes shift determines spectral overlap, it influences the ease of 

separation of excitation from emission and the efficiency of emission signal 

collection. Also, it can affect spectral crosstalk in two- or multi-fluorophore 

applications such as fluorescence resonance energy transfer (FRET) or spectral 

multiplexing. 

–  Luminescence. QDs exhibit much higher luminescence stability under 

excitation, and much lower photobleaching rates, than do organic fluorophores. In 
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fact, QDs have been estimated to be up to 100 times more stable than traditional 

fluorescent reporters. 

The size-controlled luminescence functions of QDs illustrate their major 

advantages as optical labels; thus, particles of the same material in variable sizes 

can be used as fluorescent labels for the parallel multiplexed analysis of different 

analytes. For these reasons, the fluorescence of QDs has to date been their most 

widely exploited property for (bio)analysis. 

Electronic properties 

Quantum confinement has additional consequences with regard to QD 

charging and charge transport. Major electronic properties dependent on QD size 

include self-charging energy, Coulomb charging energy and exciton ionization 

energy. In addition, their quantum confinement ability makes QDs 

electrochemically active. 

– The self-charging energy is the energy required to add a single charge to a 

neutral QD, and the Coulomb charging energy that required to add a single charge 

to a QD that is already charged (with a charge of the same sign). Both energies 

increase with decreasing QD size for the same reason as blue shifts in QD 

absorption spectra: confining a charge increases its energy. The Coulomb charging 

energy for CdSe QDs smaller than 10 nm in diameter exceeds 100 meV. Since this is 

significantly higher than the available thermal energy at room temperature, a 

sufficiently high applied electric field is required before charges can be added to a 

QD. Similarly, exciton ionization also requires a sufficiently high applied electric 

field (~100–600 meV, which is significantly higher than the available thermal 

energy) as the energy cost of ionizing an exciton.  
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–  Electron transport in QDs is very efficient by effect of the small lattice distortion 

around carriers resulting in a high mobility that enables semiconductor devices to 

operate at a high frequency. A remarkable further consequence is that electron 

transport in materials incorporating touching nanocrystals is sensitive to 

environmental control.  

–  QDs are photoelectrochemically active.51 Photoexcitation of semiconductor 

QDs results in the transfer of electrons from the valence band to the conduction 

band to form electron–hole pairs. Whereas the luminescence properties of QDs 

originate from radiative electron–hole recombination, trapping of conduction-band 

electrons in surface traps yields sufficiently long-lived electron–hole pairs to permit 

the ejection of the trapped electrons to electrodes —or to a dissolved electron 

acceptor, A—, thereby generating a photoelectrochemical current. The ejection of 

the conduction-band electrons to the electrode, with the concomitant transfer of 

electrons from a solution-solubilized electron donor, D, yields an anodic 

photocurrent. By contrast, transfer of the conduction-band electrons to a solution-

solubilized electron acceptor, followed by the supply of electrons from the 

electrode to neutralize the valence-band holes, yields a cathodic photocurrent.  

–  Quantum dots have also been found to produce electrochemiluminescence 

(ECL)52,53 by effect of electron transfer between electrochemically generated 

nanocrystal species and coreactants; this allows QDs to act as ECL sensors. 

Quantum dots can produce two different types of ECL. A bandgap 

chemiluminescence spectrum54–56 matches the photoluminescence spectrum and is 

therefore size-dependent and tuneable. Frequently, however, QD 

chemiluminescence originates from surface states. Under these conditions, the ECL 

spectrum will be red-shifted and size-independent. Although this may restrict QD 
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use in multiplexing applications, ECL from surface states is as efficient and sensitive 

as is bandgap ECL.57 

–  QDs also exhibit interesting redox properties such as the ability to transfer 

electrons to redox-active molecules. In fact, QDs were recently found to take part 

in various redox chemical reactions. One advantage of using QDs as redox species is 

that their redox potentials are high by effect of their increased bandgap energy and 

that this results in increased charge transfer rates. For example, the redox potential 

of the conduction band (ECB) of CdSe/ZnS QDs is –1.3 V, whereas the CB redox 

potential of bulk CdSe is –0.2 V.58 Also, the smaller QDs are, the higher is their 

redox potential. Thus, the conduction band for CdSe colloid particles 7.5 nm in 

diameter is estimated to be ~0.8 V and shifts to negative potentials with decreasing 

particle size such as –1.57 V for 3.0 nm particles.59,60 Although this property of QDs 

appears to have been missed for analytical purposes point of view, there have been 

some recent attempts at exploiting their reducing potential61–63 and identifying the 

structural factors that regulate their redox properties.64 

The assembly of semiconductor QDs on surfaces (electrodes) and the 

photoelectrochemical functions of the resulting systems have so far been their 

most extensively researched analytical uses after those based on their luminescent 

properties. 

Miscellaneous properties 

Quantum dots possess other, occasionally unexpected properties associated 

with their large surface area-to-volume ratios, which lead to as many as one-third 

of their atoms being at particle surfaces. Such other properties include electrical, 

mechanical and catalytic actions, which make QDs specially attractive for use in 
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electroanalytical techniques. Their most salient characteristics in this respect are as 

follows: 

– Electrons in QDs do not have to travel as far as in larger particles; as a result, 

QD-based electronic devices can operate faster.  

–  QDs exhibit excellent catalytic properties. By ensuring a high surface-to-volume 

ratio and reduced trap concentration, photoexcited electrons and holes can be 

made readily available at QD surfaces for reduction or oxidation of adsorbed 

species, respectively. Increased photooxidation/reduction rates have been 

observed with CdS,65,66 and CdSe67,68 nanoparticle photocatalysts in solution.  

–  In addition to photocatalytic properties, QDs exhibit electrocatalytic action 

which has been exploited in electrochemical sensors. Thus, QDs can be used to 

decrease the overpotentials of some analytically important reactions in 

electrochemical analysis and even provide electrochemical reversibility for redox 

reactions which are irreversible at traditional bulk electrodes.69 This has promoted 

the use of their electrocatalytic effects to develop electrochemical biosensors. 

–  QDs can be used as scaffolds for building more complex inorganic/organic 

hybrid biosensors. The high surface area-to-volume ratio and well-documented 

conjugation chemistries for QDs facilitate attachment of biomolecular probes in 

order to convert nanocrystals into scaffolds for molecular sensing. 

–  One other interesting property of QDs is their amplification effect, which can be 

used for bioconjugation and biotarget detection. The presence of hundreds to 

thousands of surface (reactive) atoms in a QD core dramatically increases the 

number of tags per binding event the nanoparticles can provide and results in 

extreme signal amplification. QD-based amplification protocols can be used to 
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develop ultrasensitive bioassays for use in combination with inductive coupled 

plasma mass spectroscopy (ICP-MS). 

 QDs can act as photosensitizers upon absorption of light (ultraviolet, visible or 

infrared) and transfer the absorbed energy to another molecule. QDs conjugated to 

biomolecules capable of acting as electron donors are said to be “photosensitized” 

(i.e., capable of oxidizing or reducing molecules whose redox potential lies inside 

their band edges).70 In the biomedical area, QDs have been proposed to excite 

conjugated photosensitizers and produce cytotoxic singlet oxygen. Studies of the 

potential of using such conjugates synergistically with radiotherapy to enhance cell 

killing are currently under way. This might be the starting point for efficiently 

exploiting QDs for therapeutic effects. Photodynamic therapy is in fact a newer 

application that lends itself readily to the exploration of the energy-transfer 

properties of QDs with a view to their use as photosensitizers.71 

ANALYTICAL APPLICATIONS OF QDs BASED ON THEIR                                

NON-FLUORESCENT PROPERTIES 

The unique properties of QDs derived from their small size (1–10 nm in 

diameter) make them highly promising materials for the development of novel 

analytical approaches based on various techniques (Fig. 3). As noted in the 

Introduction, the use of QDs as fluorescent probes for (bio)analytical applications, 

and as labels for tagging and imaging in biological systems, have already been 

widely explored. On the other hand, additional, non-fluorescent properties of QDs 

have often been undervalued analytically. This section reviews advances in the 

development of analytical methods exploiting the nonfluorescent characteristics of 

QDs, which are basically of two types, namely: (i) methods using QDs as an 
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“integrated” component of the analysis; and (ii) methods using QDs as mere labels 

in the analysis. In the former methods, an integrated QD is taken to be one that 

plays a major role in transduction (i.e., the key point is that transduction occurs by 

effect of some QD specific property). The following sections discuss “integrated” 

QD-based methods producing analytical responses as diverse as electrochemical, 

photoelectrochemical, electrochemiluminescence, resonance light scattering and 

Raman signals. By contrast, a nonintegrated QD is one that is selectively introduced 

into a (bio)analysis as a consequence of (bio)recognition; this includes the use of 

QDs as electroactive labels in stripping voltammetry tests, labels in combination 

with electrochemical or ICP/mass spectrometry detection, and resonance light 

scattering labels. 

 

Figure 3. The main QD properties which have been exploited in different 
analytical techniques. 
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1. Non-fluorescent QDs-based methods using QDs as an “integrated” component 

1.1. Electrochemical detection 

Nanoelectrochemistry is a fast-growing interdisciplinary field which has 

combined the characteristics of electrochemistry (e.g., simplicity, speed, selectivity 

and sensitivity) with the unique properties of NPs (e.g., electronic, optical, 

magnetic, catalytic) to become one of the most exciting research areas in recent 

times. QDs can play a central role in the development of nanoelectrochemistry by 

virtue of: 

(a) Their having a higher surface area-to-volume ratio than their bulk 

counterparts, which allows QD-modified electrochemical interfaces with increased 

electrochemically active areas to be prepared for more sensitive detection of some 

molecules; 

(b) their lending themselves readily to conjugation with some major 

biomolecules such as redox enzymes, and to acting as nano-connectors for 

triggering redox enzymes or electrical labels for biorecognition events; 

(c) their potential to act as enhancing agents for effective acceleration of 

electron transfer between electrode and detection molecules, thereby leading to a 

faster current response for target molecules; 

(d) and their reducing electroanalytical limits of detection through the 

increased Faradaic-to-capacitive current ratios with QD-modified electrodes. 

 In addition, QDs can be combined with large molecules such as polymers or 

dendrimers to form supramolecular assembling units with advanced functional 

properties with a view to constructing a variety of architectures on electrode 

surfaces and further tailoring of an electrochemical-sensing interface. 
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The following section summarizes recent advances in the use of QD-based 

electrochemical sensors for the electrochemical analysis of various kinds of 

molecules including DNA, proteins and contaminants. 

Genosensors. The detection of DNA hybridization has greatly benefited from 

the use of QDs as an integrated component. A sensitive DNA hybridization 

detection protocol (Fig. 4A) based on CdS QD-oligonucleotides coupled with 

electrochemical impedance spectroscopy (EIS) detection was developed72 where 

and amino-linked ss-DNA probe was covalently immobilized onto a self-assembled 

mercaptoacetic acid monolayer modified gold electrode; after hybridization with 

the target ssDNA-CdS nanoconjugates, EIS was used to detect the change in 

interfacial electron-transfer resistance (Ret) of the redox marker, [Fe(CN)6]4−/3−, from 

solution to the transducer surface. The results showed that, when target ssDNA-

CdS nanoconjugates hybridized with probe oligonucleotide, a double helix film 

formed on the electrode and a marked increase in Ret was obtained as a result. 

Only complementary DNA sequences provided an obvious signal compared with 

three-base mismatched and incompletely matched sequences under the optimized 

experimental conditions. The negative charges, space resistance and 

semiconductor properties provided by the CdS nanoparticles greatly improved the 

detection sensitivity of DNA hybridization.  

Peng et al.73 also used CdS nanoparticles to enhance EIS signals. Thus, they 

reported an oligonucleotide sensor based on electropolymerization of a conducting 

polymer (polypyrrole) in the presence of a sample containing oligonucleotides. The 

resulting trapped oligonucleotides were then probed by addition of a 

complementary sequence. Incorporating the CdS nanoparticles with the probe 

resulted in a significant improvement in sensor sensitivity. 
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More recently, an electrochemical sensor for the detection of natural double-

stranded DNA (dsDNA) damage induced by PbSe QDs under UV irradiation was 

developed.74 The biosensing membranes were prepared by successively assembling 

3-mercaptopropionic acid, polycationic poly(diallyldimethyl ammonium) and 

dsDNA on the surface of a gold electrode. dsDNA damage was caused by immersing 

the sensing membrane electrode in a PbSe QDs suspension and irradiating it with a 

UV lamp. Cyclic voltammetry was used to detect dsDNA damage with Co(phen)3
3+ 

as the electroactive probe. Lead (II) ions released from the PbSe QDs under UV 

irradiation, and reactive oxygen species (ROS) generated in the presence of the QDs 

also under the UV irradiation, were found to be the triggers of dsDNA damage. The 

synergistic effect of the three factors may in fact dramatically increase the damage. 

This electrochemical sensor provides a simple, useful method for detecting DNA 

damage. 

Enzyme-based sensors. The quantum effects of QDs have been widely 

explored in electrochemical enzyme biosensors.75 Preliminary studies showed QDs 

to exhibit good biocompatibility and be usable as electrode modifying materials to 

enable the direct electron transfer of enzymes.76–78 Rather than on protein 

determinations, research in this field has focused on the development of related 

substrate sensors based on electrical communication between the enzyme/redox-

protein assembly and on the electrode efficiently exploiting QD properties. It is the 

special characteristics of QDs that ensure effective electrical contact and 

heterogeneous electron transfer reactions of metalloproteins with electrodes.79,80 

For example, water-soluble CdS and CdTe QDs have been incorporated with 

hemoglobin–glucose oxidase to enable their direct electrochemistry.81,82 Xu et al. 

accomplished the direct electron transfer of hemoglobin modified with CdS QDs at 
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a normal graphite electrode.81 Hemoglobin in the QD film retained its bioactivity 

and the modified electrode worked as a hydrogen peroxide biosensor by virtue of 

its peroxidase-like activity. The biosensor exhibited an excellent response to the 

reduction of H2O2 without the aid of an electron mediator, and provided a 

detection limit of 6 × 10−8 M H2O2.  

Liu et al. constructed a glucose electrochemical biosensing platform based on 

an CdTe/CNTs electrode.82 A pair of well-defined quasi-reversible redox peaks for 

glucose oxidase were obtained at the CdTe/CNTs based enzyme electrode by effect 

of direct electron transfer between the protein and electrode. Immobilized glucose 

oxidase was found to retain its bioactivity and catalyze the reduction of dissolved 

oxygen. Moreover, the synergistic effect of the CdTe QDs and CNTs allowed this 

novel biosensing platform to respond even more sensitively than one based on a 

GC electrode modified with CdTe QDs or CNTs alone. 

Electrochemical enzyme-based sensors have also been made from water-

insoluble QDs. In fact, although lipophilic QDs with a core-shell structure are poorly 

biocompatible and can hardly provide an appropriate microenvironment for 

enzymes. Zhang et al.83 showed that lipophilic quantum dots can be incorporated 

by evaporative deposition onto the surface of glassy carbon electrodes with 

horseradish peroxidase (HRP). Modifying the GC electrode with QDs promoted 

direct electron transfer of immobilized HRP, which retained its catalytic activity on 

H2O2. 

Several QD-based acetylcholinesterase sensors have been successfully 

developed in recent years.84–87 Immobilizing the enzyme onto QDs significantly 

enhanced OP pesticide determinations by considerably lowering the oxidation 

potential for thiocholine. For example, CdS QDs capped with poly-N-vinyl-2-
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pyrrolidone (CdS-PVP) have been effectively used to sense OP pesticides such as 

trichlorfon.85 Poly (N-vinyl-2-pyrrolidone) (PVP)-capped CdS quantum dots (CdS-

PVP) were synthesized from CdCl2 and Na2S in the presence of PVP, and used to 

immobilize and stabilize acetylcholinesterase (AChE). The electrocatalytic activity of 

CdS-PVP resulted in greatly improved electrochemical detection of the 

enzymatically generated thiocholine product with an increased sensitivity and 

stability. Amperometric tests of the AChE/CdS-PVP/GCE sensor showed the relative 

inhibition of AChE activity to increased with increasing concentration of trichlorfon 

and a detection limit of 4.8 × 10–8 M was obtained. The principle behind the 

AChE/CdS-PVP/GCE sensor for the determination of the pesticide trichlorfon is 

depicted in Fig. 4B. 

In other work, a novel acetylcholinesterase (AChE) biosensor was constructed 

by modifying a glassy carbon electrode with CdTe quantum dots (QDs) and 

excellent conductive gold nanoparticles (GNPs) through chitosan microspheres to 

immobilize AChE.87 The combination of CdTe QDs and GNPs promoted electron 

transfer and catalyzed the electro-oxidation of thiocholine, thus amplifying the 

detection sensitivity. This novel biosensing platform based on a CdTe QD–GNP 

composite responded even more sensitively than one using CdTe QDs or GNPs 

alone by virtue of the presence of synergistic effects in the CdTe-GNPs film. The 

extent of monocrotophos inhibition was proportional to its concentration over two 

different ranges (1–1000 ng/mL and 2–15 μg/mL) and the pesticide was 

determined with a detection limit of 0.3 ng/mL. This biosensor exhibited good 

precision and reproducibility, and acceptable stability and accuracy, in the analysis 

of garlic samples. 
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Figure 4. (A) ssDNA-CdS modified electrode for a sensitive DNA hybridization 
method with electrochemical impedance spectroscopy (EIS) detection . The 
change of interfacial electron-transfer resistance of the redox marker, 
[Fe(CN)6]4−/3−, from solution to transducer surface when oligonucleotide target 
hybridized is shown; (B) The principle of the AChE/CdS-PVP/GCE sensor for the 
determination of trichlorfon pesticide. It is shown the amperometric response to 
successive additions of 2×10-5 M acetylcholine on the AChE/CdS-PVP/GCE sensor  
at + 0.6V vs. SCE in 0.1 M PBS (pH 7). 

1.2. Photoelectrochemical detection 

The good photoelectrochemical properties derived from the quantum size 

effect of QDs has turned them into a significant new class of photoactive 

materials.88–94 As stated above, photoexciting QDs not only yields luminescence 

probes, but also allows the photogenerated electron–hole pair to boost the 

production of photocurrents. The photo-electrons or photo-holes generated by 
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illuminated QD nanoparticles can transfer charges to some biomolecules such as 

redox proteins or enzymes. Specifically, CdS QDs have been widely used in 

photoelectrochemical sensors with the advantages of a narrow bandgap and 

photoelectrochemical activity in the visible range. The photocurrent produced by 

electron transfer between QDs and the electrode is used as the analytical signal. 

However, the photo-to-current conversion efficiency of CdS QDs is low by effect of 

electron–hole recombination; as a result, the photocurrent is small and 

sophisticated equipment (a lock-in amplifier) is needed to detect analytes.92,93 

Therefore, photoelectrochemical applications of CdS QDs require boosting the 

photocurrent they produce. Photocurrents generated by electron transfer from the 

conduction band of QDs to electrodes —or the electron transfer from electrodes to 

valence-band holes in QDs— are known to be hampered by the competing 

electron–hole recombination process. It is therefore essential to suppress 

photogenerated electron–hole recombination with a view to increasing the 

photocurrent intensity.95,96 There are two available methods for raising the 

photocurrent intensity of QDs, namely:  

(i) Reducing surface defects in QDs by modification in order to boost 

photocurrents. Surface modification can reduce photocarrier relaxation through, 

for example, electron trapping by surface states, and recombination at deep defect 

levels.97 Amine surface ligands used as hole acceptors have been found to suppress 

surface trapped electron–hole recombination by binding to hole trapping emission 

sites on the surface.98 A similar effect has been observed in amphiphilic 

polyamidoamine dendrimer passivated CdSe systems (CdSe-PAMAM).99 

(ii) Trapping the conduction-band electrons in molecule relay units such as 

bipyridinium derivatives to enhance charge separation.100,101 Enhanced 
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photocurrents originate from vectorial electron transfer of photoexcited 

conduction band electrons to the threaded electron acceptor, which leads to 

charge separation and to retardation of the electron–hole recombination process. 

Alternatively, conduction-band electrons can be transferred to other nanoparticles 

via hybrid nano-composites such as TiO2/Nb2O5,102 CdS/TiO2,103 CdS/Au bilayers,95 

and a hybrid CdS/CNT composite96 in order to boost the spatial separation of 

electron-hole pairs into two nanostructures and facilitate effective transport of 

conduction-band electrons through the composite to the electrode. 

Biomolecules including nucleic acids, enzymes and redox proteins have been 

linked to QDs and the resulting photocurrents used to develop different types of 

biosensors. The target analyte can be determined in terms of two different 

parameters depending on the particular sensor design, namely: 

(i) The intensity of the photocurrent generated in the presence of the analyte. 

This is exemplified by the generation of photocurrents by duplex DNA assemblies 

bridging CdS NPs to electrodes, and by the formation of photocurrents as a result 

of biocatalyzed transformations, or redox protein-mediated electron transfer in the 

presence of QDs. Under these conditions, photocurrent is only produced in the 

presence of the analyte (DNA, a protein). 

(ii) Photocurrent changes between the QDs and electrode when the analyte 

interacts with the nanoparticles results in increased photocurrent intensity in the 

presence of the analyte, the initial photocurrent changing as a consequence of a 

(bio)recognition event.  

Below are summarized the most promising applications of QD-based 

photoelectrochemical sensors. 
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Genosensors. The photoexcitation of nucleic acid-functionalized QDs 

associated with electrodes has enabled the photoelectrochemical transduction of 

DNA-sensing events. This principle has been used for the amplified analysis of DNA 

by photocurrent transduction of the assembly process. 

An array of CdS QD layers was constructed on a gold electrode by using a layer-

by-layer hybridization process with the target DNA as crosslinker for CdS QDs 

functionalized with nucleic acids complementary to the two ends of the DNA 

analyte.104 Illuminating the array in the presence of the sacrificial electron donor 

triethanolamine (TEOA) resulted in the generation of a photocurrent which 

increased with increasing number of layers of CdS QDs generated on the electrode. 

The mechanism by which photocurrent was produced involved the photoejection 

of conduction-band electrons from CdS particles in contact with or at tunneling 

distances from the electrode. This required using electron acceptor units (e.g. 

transition metal complexes) as intercalators in order to assist the photocurrent 

production by inactive CdS particles. Electrostatic binding of [Ru(NH3)6]3  to double 

stranded-DNA units was found to provide tunneling routes for conduction-band 

electrons and to boost photocurrents as a result.  

Other electron acceptors (specifically, intercalators) have been proposed to 

improve electrical contact between semiconductor particles and an electrode. 

Freeman et al. found intercalating doxorubicin into DNA–CdS nanostructures to 

boost photocurrent production by the double-stranded DNA-cross-linked CdS 

system upon illumination in the presence of triethanolamine (TEOA). The oxidation 

of TEOA by valence band holes allowed the formation of steady-state 

photocurrent. This result, however, was ascribed to trapping of photoexcited 

conduction-band electrons by the doxorubicin molecules and their facilitating 
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electron transport to the electrode via a hopping mechanism.105 This basic 

phenomenon was used to probe the operation of a “DNA-based machine” by 

assembling CdS QDs onto an Au electrode. The photocurrents obtained were 

governed by the time intervals used to operate the DNA machine. 

Protein or enzyme-based sensors. Electrical contact between QDs and 

electrodes in the presence of proteins seems to be more problematic owing to the 

insulating characteristics of proteins.106 However, the tailored organization of QD–

protein hybrid assemblies on electrodes may lead to electrically contacted 

architectures controlled by the linked proteins. In the two possible configurations, 

semiconductor QDs are directly linked to the electrode and the proteins associate 

with the QD surface; this allows the photoelectrochemical functions of the 

semiconductor QDs to be controlled in two different ways, namely: (i) by having 

low molecular weight redox proteins interact with the QDs and electrical contact 

between the conduction-band electrons/valence-band holes with redox sites in the 

proteins alter the photocurrents of the hybrid system as a result; and (ii) by 

tethering biocatalysts to the QDs and having their reaction products act as electron 

acceptor or electron donor units in order to trigger the photoelectrochemical 

functions of the dots. 

Enzymes and redox proteins have been linked to QDs and the resulting 

photocurrents used to assay enzyme activities and develop various biosensors. 

Thus, cytochrome c-mediated biocatalytic transformations were coupled to CdS 

QDs and the direction of the resulting photocurrent was controlled via the 

oxidation state of the cytochrome c mediator.107 CdS QDs were immobilized on an 

Au electrode through a dithiol linker, and mercaptopyridine units acting as 

promoter units providing electrical communication between cytochrome c and the 
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QDs linked to the QDs. CdS-modified electrodes in the presence of the oxidized or 

reduced states of cytochrome c were found to produce cathodic and anodic 

photocurrents, respectively, which were amplified by enzyme-generated 

biocatalytic cascades mediated by cytochrome c. Figure 5 depicts the process by 

which cathodic or anodic photocurrents can be generated via photochemically 

induced activation of enzyme cascades by CdS QDs. 

In the presence of reduced cytochrome c, the oxidation of lactate by lactate 

dehydrogenase (LDH) was photoelectrocatalytically activated and an anodic 

photocurrent produced (Fig. 5A). Photoexcitation of the QDs resulted in the 

ejection of conduction-band electrons into the electrode and the concomitant 

oxidation of reduced cytochrome c by valence-band holes, the resulting oxidized 

form of cytochrome c subsequently mediating the LDH-biocatalyzed oxidation of 

lactate. Similarly, cytochrome c in its oxidized form was used to boost the 

bioelectrocatalytic reduction of NO3
– to NO2

– in the presence of nitrate reductase 

(NR), which produced a cathodic photocurrent (Fig. 5B). The transfer of conduction-

band electrons to the oxidized, heme-containing cofactor generated reduced 

cytochrome c, whereas the transfer of electrons from the electrode to the valence 

band holes in the QDs restored their ground state.  

In a similar study, CdSe/ZnS QDs capped with mercaptosuccinic acid as 

protecting layer were used to generate photocurrents in the presence of 

cytochrome c.108 Upon photoexcitation, the photocurrent of the mercaptosuccinic 

acid modified CdSe/ZnS electrode was found to increase with increasing 

concentration of oxidized cytochrome c; by contrast, no photocurrent 

enhancement was observed from reduced cytochrome c. Also, the 

photoelectrochemical signal for CdSe/ZnS QDs was sensitive to the presence of 
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superoxide radicals. The sensor was capable of linearly detecting superoxide 

concentrations over the range 0.25–1.3 μM.109 

 

Figure 5. Schematic representation of the generation of photocurrents by the 
photochemically induced activation of enzyme cascades by CdS NPs. 
Photochemical activation of the cytochrome c-mediated (A) oxidation of lactate 
in the presence of LDH, and (B) reduction of nitrate by nitrate reductase (NR); (C) 
The principle of the current generated by CdS QD/acetylcholinesterase hybrid 
system associated with an electrode for the determination of enzyme inhibitors. 

In other work, CdS QDs were synthesized by using a microemulsive system and 

immobilized by self-assembling on a gold electrode combined with formaldehyde 

dehydrogenase (FDH) in order to prepare a biological–inorganic hybrid for the 

catalytic oxidation of formaldehyde.110 Based on the results, the quantum-sized CdS 

layer in close contact with the enzyme provided an effective photoactive material 

for replacing the charge transfer role of the NAD+/NADH pair in the enzymatic 

reaction. Subsequently, CdS nanoclusters were self-assembled on a formaldehyde 
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dehydrogenase modified gold electrode by Vastarella et al.,111 who reported a 

detection limit of 1.37 μM formaldehyde and good stability in the sensor. Based on 

a similar mechanism, Tang et al.112 used self-assembled CdS nanoparticles and 

glutamate dehydrogenase (GDH) onto multiwall carbon nanotubes (CNTs) for the 

photoelectrochemical biosensing of glutamate, where carbon nanotubes facilitated 

charge transfer between the electrode and charge carriers in illuminated CdS. The 

ensuing method was capable of detecting down to 50 nM concentrations of the 

analyte. 

Yildiz et al. used CdS nanoparticles with a tyrosine methyl ester, which is a 

substrate for tyrosinase, as photoelectrochemical reporter units to detect the 

activity of the enzyme tyrosinase.89 The use of enzymes as catalysts to obtain 

products boosting photocurrent production by QDs was demonstrated with the 

development of an acetylcholine esterase-based biosensor of the enzyme 

inhibitors.88 CdS QDs were covalently attached to an Au electrode and AChE was 

then covalently bonded to CdS nanoparticles via glutaric dialdehyde as bridging 

unit. AChE catalyzed the hydrolysis of acetylthiocholine to acetate and thiocholine. 

The latter product acted as the donor for the holes generated upon excitation of 

the CdS nanoparticles. Thus, oxidation of thiocholine by holes suppressed electron–

hole recombination and enhanced the CdS photocurrent. The resulting 

photocurrents were controlled via the substrate concentration and their intensities 

depleted by the presence of acetylcholinesterase inhibitors such as 

organophosphorus (OP) pesticides. The system was proposed as a potential sensor 

for chemical warfare agents acting as inhibitors of the enzyme. The principle 

behind the QD/acetylcholinesterase hybrid system for the determination of 

enzyme inhibitors is depicted in Fig. 5C. 
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Immunosensors. Some photoelectrochemical immunosensors based on QDs 

have been reported lately. Thus, Wang et al. developed a label-free 

photoelectrochemical immunoassay for α-fetoprotein detection based on a 

TiO2/CdS hybrid.113 A TiO2/CdS hybrid modified electrode was obtained by 

alternately dipping a TiO2 modified indium–tin oxide (ITO) electrode into a 

[Cd(NH3)4]2+/S2– solution repeatedly. Chitosan (CS) was coated on the surface of the 

TiO2/CdS hybrid modified electrode (ITO/TiO2/CdS electrode) for further 

immobilization of α-fetoprotein (AFP) antibodies. This allowed AFP to be detected 

by monitoring changes in the electrode photocurrent signals produced by the 

immunoreaction. The immunosensor exhibited a linear response to AFP 

concentrations from 50 pg/mL to 50 ng/mL and provided a relatively low detection 

limit (40 pg/mL). The photoelectrochemical results for AFP in five different human 

serum samples were acceptably accurate and testified to the attractive prospects 

for this immunosensor in clinical immunoassays for AFP in serum, which could be 

readily extended to the detection of other tumor markers and pathogens. Wang et 

al. also reported other label-free photoelectrochemical immunosensors using a CdS 

QD multilayer film coupled via a biospecific interaction.114 The CdS QDs multilayer 

film was prepared by assembling positively charged poly(dimethyldiallylammonium 

chloride) (PDDA) and negatively charged thioglycolic acid (TGA)-capped water-

soluble CdS QDs layerwise on the surface of an indium−tin oxide (ITO) electrode. 

Goat antimouse IgG was conjugated onto the CdS QD modified electrode by using 

classic EDC coupling reactions. Ascorbic acid (AA) was exploited as electron donor 

for scavenging photogenerated holes in a mild solution medium. Photoexcitation of 

the CdS QD modified electrode potentiostated at 0 V vs Ag/AgCl in the presence of 

0.1 M AA led to a stable anodic photocurrent. Mouse IgG concentrations were 

calculated from the decrease in photocurrent intensity resulting from the increased 
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steric hindrance due to the formation of the immunocomplex. A linear relationship 

between photocurrent decrease and mouse IgG concentration was observed over 

the range 10 pg/mL to 100 ng/mL and a detection limit of 8.0 pg/mL obtained. 

 Cell sensors. Similarly to the previous approach to constructing 

photoelectrochemical immunosensors, it is anticipated that binding cells with 

larger size than immunocomplexes onto a QD-modified electrode will considerably 

reduce photocurrents and facilitate sensitive detection of cells as a result. Recently, 

Qian et al. developed a novel photoelectrochemical cell-sensor for the 

determination of SMMC-7721 human hepatoma carcinoma cells by using a 

photosensitive CdS-polyamidoamine (G4) nano-composite film (CdS-PAMAM).115 

The presence of PAMAM in the film suppressed surface defects in CdS 

nanoparticles and led to a greatly enhanced photocurrent and a reduced dark 

current. In the presence of the electron donor ascorbic acid (AA), photoexcitation 

of this modified electrode potentiostated at 0 V vs Ag/AgCl produced an anodic 

photocurrent. As a result of the covalent coupling reactions, a layer of concanavalin 

A (ConA) was firmly bound to the functionalized CdS-PAMAM film via 

glutaraldehyde bridges. The resulting modified electrodes were tested as sensors 

for SMMC-7721 cell capture and detection via affinity interactions between ConA 

and mannosyl groups on cell surface, and a detection limit of 5.0 × 103 cells/mL was 

achieved. Since cell detection is based on the affinity interaction between ConA 

and mannosyl groups on cell surfaces, this sensor could be used for detection of 

many kinds of cells. There thus seems to be a bright future for the 

photoelectrochemical method in cell detection. 
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1.3. Electrochemiluminescence detection Surface Enhanced Raman 

Spectroscopy detection 

Electrogenerated chemiluminescence, also called electrochemiluminescence 

(ECL), provides a useful tool for both fundamental studies and analytical application 

of QDs.116 Recent studies have shown that semiconductor nanocrystals are 

electrically excitable in both organic117-119 and aqueous media120,121 containing a 

supporting electrolyte. There are basically two different ways of obtaining QD ECL, 

namely:  

(i) Without a coreactant. Anodic and cathodic potentials are cycled at an 

electrode to create oxidized (hole injected) and reduced (electron injected) QD 

species, respectively. As can be seen from Eqs 1 to 3: 

   QD + e− → QD−    (1) 

   QD + h+ → QD+    (2) 

   QD− + QD+ → QD  + QD   (3) 

oxidized and reduced QD species can react in the electrode diffusion layer to 

produce an excited state (QD*). The oxidized and reduced QD species are not 

necessarily stable, and the scan rate is important in optimizing ECL intensity. 

Depending on the particular QD material, the oxidized (e.g., Si, CdSe) or reduced 

species (e.g., Ge) may be more stable than those in the starting QDs. 

(ii) With coreactant. The purpose of using a coreactant in ECL is to overcome 

the limited potential window of a solvent or the poor stability of radical anions or 

cations.116 Efficient, stable ECL emission in aqueous solution can be obtained by 

using a coreactant such as H2O2,122,123 S2O8
2−124 or O2.125 Thus, with peroxydisulfate 

anion as coreactant for cathodic ECL, both QDs (Eq. 4) and the anion are reduced at 
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the working electrode. The coreactant is reduced to a strong oxidant (Eq. 5) which 

can inject a hole into a QD by forming an oxidized QD species (Eq. 6). Similarly to 

Eq. 3, an excited state QD can be produced by collision between a reduced QD and 

a coreactant-oxidized QD, or also by the direct injection of a hole into a reduced QD 

by the coreactant (Eq. 7).  

   QD + e− → QD−      (4) 

   S2O8
2− + e− → SO4

2− + SO4
• −   (5) 

   SO4
• − + QD → SO4

2− + QD+   (6) 

   QD• − + SO4
• − → QD  + SO4

2−   (7) 

Irrespective of the particular mechanism, the excited QD species (QD ) can 

relax via luminescence and the intensity of the electrogenerated 

chemiluminescence (ECL) be used as the measured analytical parameter. The 

electron transfer reaction between electrochemically formed nanocrystal species 

and coreactants testifies to the great potential of QDs for the development of novel 

ECL sensors. Figure 6A depicts the mechanism of ECL emission with a coreactant. 

ECL changes provide the analytical signal used to quantify the analyte 

concentration.  

Two different types of sensors have been developed in this context, namely: 

(1) sensors based on an increase in ECL intensity by effect of either the presence of 

the analyte causing the formation of an increased amount of coreactant, and hence 

of more excited QD , or the analyte promoting the injection of electron holes in QD 

and stabilizing its reduced (QD−) or oxidized form (QD+) as a result; and (2) sensors 

based on a decrease in ECL by effect of the analyte interacting with the coreactant 

to suppress the production of excited QD  or its presence increasing the charge 

transfer resistance and decreasing the ECL intensity as a result. 
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Figure 6. (A) Scheme of the ECL mechanism of the QDs using peroxydisulfate 
anion (S2O8

2−) as coreactant; (B) Representation of the ECL response of GOD–QDs 
biosensor for detection of glucose. The experimental data is illustrated and shows 
the decrease in ELC intensity with increasing concentration of glucose; (C) 
Acetylcholine detection using QDs and cathodic ECL. The basic form of the 
experimental data is illustrated and shows the increase in ECL intensity with 
increasing acetylcholine or choline concentration (direction of the dashed arrow). 

QD-based ECL sensors provide two salient advantages over photoluminescence 

sensors, namely: (1) the ECL behavior of QDs is more sensitive to, and dependent 

on, their surface states than on their photoluminescence property; and (2) the 

absence of background signals from nonspecific adsorbate photoexcitation make 

ECL sensors more sensitive and selective. 

Zhou et al. reported the first sensing application using the ECL signal of CdSe 

QDs in aqueous solutions.122 This QD-based ECL sensor was based on the electron 

transfer reaction between reduced nanocrystal species formed in CdSe 

nanoparticulate thin film and hydrogen peroxide (H2O2). CdSe nanoparticle film on 
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a paraffin-impregnated graphite electrode (PIGE) generated ECL upon application 

of a potential of –1.2 V vs Ag/AgCl in the presence of H2O2. The resulting 

chemiluminescence was proportional to the concentration of H2O2 in solution and 

the detection limit achieved less than 1 µM.  

The QD–PIGE system was extended to ECL sensors for biologically important 

scavengers of hydroxyl radicals such as GSH.125 These sensors exploited ECL from 

the thioglycolic acid-capped CdSe QDs film/peroxide aqueous system. The QDs 

were first electrochemically reduced to form electron-injected QDs at 

approximately –1.1 V which then reduced hydrogen peroxide to OH* radical. The 

intermediate OH* radical was the key species toward obtaining hole-injected QDs. 

Thiol compounds have been used as model molecules for OH* radical annihilation 

and also to investigate quenching effects on ECL emission. The specific thiol 

derivatives investigated so far [glutathione (GSH) and L-cysteine (L-Cys)] which are 

known to be involved in many health-related processes such as Parkinson’s and 

Alzheimer’s diseases. The LODs for GSH and L-Cys were ca. 1–2 µM and a linear 

decrease in ECL intensity was observed up to ca. 50–60 µM. The high sensitivity 

obtained suggested that the method was suitable for the simultaneous detection of 

both scavengers and also of species producing hydroxyl radicals in clinical samples. 

Graphene oxide was added to the ECL sample solution in order to detect GSH, but 

with selectivity against L-Cys. The oxide increased the ECL intensity approximately 

fivefold by facilitating both the production of superoxide anion from dissolved 

oxygen and the formation of hole-injected mercaptoacetic acid-coated CdTe QDs at 

anodic potentials. The presence of GSH in a sample decreased the ECL intensity 

linearly over the range of 40–430 ng/mL. The selectivity for GSH over L-Cys was 
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ascribed to differences in affinity for the graphene oxide and the method was used 

to quantify GSH in a pharmaceutical drug sample. 

One other QD based ECL method was developed to detect catechols such as 

dopamine and adrenaline by using mercaptopropionic acid-capped CdTe QDs.126 

Oxidized catechols produced on the electrode probably quenched energy transfer 

rather than electron transfer since adding 2-mercaptoethanol —a known quencher 

of dopamine oxidation— to the solution caused the ECL signal to recover almost 

completely. As a result, ECL energy transfer from excited QDs to the analyte was 

proposed as a quenching mechanism. The LODs for dopamine and adrenalin were 

50 nM and 20 nM, respectively. In later work, the chemiluminescence of a CdS QDs 

solution in the presence of H2O2 as coreactant proved sensitive to a wide variety of 

biological molecules and metal ions.127 

A simple strategy was recently used to construct the first biosensor based on 

the intrinsic ECL of CdSe QDs coupled with a model oxidase enzyme (glucose 

oxidase, GOD).128 TGA-protected CdSe QDs were co-immobilized with GOD and the 

resulting enzyme–QD architecture found to exhibit excellent analytical 

performance for the ECL based detection of glucose (Fig. 6B). Glucose was thus 

determined with a detection limit of 4 µM by measuring the decrease in ECL 

response of GOD-CdSe QDs caused by its addition. Although both oxygen and 

hydrogen peroxide can act as ECL coreactants, dissolved oxygen was more efficient 

with a view to injecting a hole into a reduced QD− form in order to obtain an 

excited quantum dot (QD ). In the presence of glucose, dissolved oxygen was 

consumed in the enzyme reaction and the ECL intensity diminished as a result. The 

change in ECL response of the GOD–QD film resulted entirely from the GOD 

catalytic cycle; the ECL pathways involved in the presence of glucose are 
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schematically depicted in Fig. 6B. This principle could also be used for indicator 

purposes to detect substrates of enzyme processes involving an oxidase and thus 

expand its application to even more exciting bioanalytical systems. 

Carbon nanotubes (CNTs) have been used to enhance the cathodic ECL 

intensity observed with QDs. In fact, CdS QD/CNT composites have been found to 

provide a useful platform for ECL detection. The enhancement has been ascribed to 

a reduced barrier for electron injection lowering the onset potential and increasing 

ECL intensity as a result. Chen and et al. reported the synthesis of a CdS QD/CNT 

composite for ECL detection in the presence of H2O2.123 Wang et al. have developed 

a biosensor for acetylcholine and choline by using a PIGE incorporating multi-

walled CNT-QD conjugates.129 CdS QDs were synthesized in situ on the CNTs and 

QD–CNT conjugates found to provide a fivefold increase in ECL intensity compared 

to QDs alone. The enzymes (acetylcholine esterase and choline oxidase) were 

immobilized on the QD-CNT-modified PIGE. One byproduct of the catalytic cycles of 

these enzymes was hydrogen peroxide —a coreactant for cathodic QD ECL. 

Increasing sample concentrations of acetylcholine or choline resulted in a roughly 

linear increase in ECL, with LODs of 0.8 and 1.7 µM, respectively. The transduction 

mechanism is illustrated in Fig. 6C. The ECL onset and peak potentials were at −0.58 

and –1.02 V vs Ag/AgCl, which were approximately 0.40 and 0.28 V less negative, 

respectively, than in the absence of CNTs. The shift to more positive potentials 

reduced the risk of electrochemical interference and hindered cathodic 

decomposition of hydrogen peroxide —which prevented its ECL reaction. In other 

work, a label-free ECL immunosensor was developed by combining CdSe QDs, 

MWCNT-Chitosan and 3-aminopropyl-triethoxysilane (APS) as ECL enhancing 

materials for the detection of human immunoglobulins (IgG).130 A colloidal solution 



Capítulo 1 

 

 

136 

 

containing CdSe-QD/MWCNT-CHIT composite was first laid on a gold electrode 

surface to form a robust film that exhibited high ECL intensity and good 

biocompatibility. Later addition of APS as a crosslinker for covalent conjugation to 

the CdSe-QD/CNT-CHIT film resulted in greatly enhanced ECL intensity. Following 

binding of the antibody to the functionalized film via glutaric dialdehyde, the 

modified electrode was used as an ECL immunosensor for detecting HIgG. The 

specific immunoreaction between HIgG and the antibody decreased the ECL 

intensity linearly with the HIgG concentration over the range 0.02–200 ng/mL. An 

LOD of 0.001 ng/mL was obtained.  

In a recent study, a nonlabeled ECL immunosensor based on a CdSe NCs/Au 

nanoparticle/anti-PAB combination was used to detect human prealbumin (PAB, 

the antigen).131 The immunosensor worked by quantifying the inhibition of the ECL 

reaction between CdSe NCs and S2O8
2− operated by the immunocomplex. This 

allowed PAB concentrations in the nanogram-per-milliliter range to be detected via 

ECL.  

An ECL detection method based on thioacetic acid-(RSH)-capped CdS QDs with 

cysteamine and Au NPs for the detection of low-density lipoproteins (LDL) using 

S2O8
2− as co-reactant was recently reported.124 The system was used to detect LDL 

proteins by measuring the decrease in ECL intensity resulting from specific binding 

of LDL to apoB100 (an LDL receptor ligand). This approach allowed LDL proteins to 

be determined at extremely low concentrations (0.025–0.16 ng/mL) with a 

detection limit of 0.006 ng/mL.  

Electrochemiluminescence emission from CdS nanotubes was recently 

demonstrated by Jie et al.132 CdS nanotubes were entrapped in carbon paste 

electrodes and used for ECL detection of H2O2 in the presence of S2O8
2− as 
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coreactant. Interestingly, two ECL peaks corresponding to two different ECL states 

excited by different mechanisms were obtained. The first peak was assigned to the 

annihilation process between reduced and oxidized species of CdS, and the second 

to an electron transfer reaction between a reduced species of CdS NCs and the 

coreactant (S2O8
2− or H2O2). The ECL of ZnS NPs in alkaline aqueous solutions 

containing S2O8
2− as coreactant has been examined.133 

Interesting ECL research involving self-assembled CdS nanochains and DNA was 

recently reported.134 CdS nanochains were synthesized and deposited onto a solid 

substrate by using a droplet dewetting technique. This allowed the deposition of 

the solute under effective control of its shape and density without the need to 

know the chemical nature of the liquid, solute or substrate. Various patterns and 

alignments were obtained by controlling the mole ratio of DNA to Cd2+. 

Recently, a novel method for preparing polyamidoamine (PAMAM, generation 

4 containing 64 amino groups, G4)-protected CdS NCs was developed by in situ 

induction precipitation followed by electrochemical reduction.135 This allowed the 

generation of strong ECL signals in the presence of S2O8
2− relative to bare CdS NCs. 

Interestingly, the ECL signal was easily modulated and stabilized by changing the 

duration of the potential pulse and using high scan rates. 

1.4. Surface Enhanced Raman Spectroscopy detection 

Surface-enhanced Raman scattering (SERS) is one other spectroscopic 

transduction mode that can greatly benefit from the use of QDs. Several schemes 

to generate stronger SERS signals and achieve single-molecule sensitivity have been 

explored. The usual approach involves harnessing the strong surface plasmon 

resonance of light with complex metallic nanostructures such as particle 
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aggregates, two-particle gaps, sharp tips or particles with sharp apexes.136–138 An 

alternative method using nanoparticle composites or hybrid composites as SERS-

substrates was recently reported.139,140 Coupling different nanomaterial-based 

substrates can dramatically enhance the intensity of the Raman signal and provide 

ultrasensitive assays. QDs might play a key role in this area, but research in this 

direction is still in its infancy. Only a few examples of QD-based SERS substrates 

have so far been reported. The first observation of an SERS effect was reported to 

occur in an Ag–CdS hybrid system by Honma et al.141 

Liu et al. prepared composite particles of Ag–TiO2, both in a nanocrystal form, 

by photoreducing AgNO3 in a rutile colloidal solution. The surface plasmon 

absorption band for silver clusters supported on TiO2 nanocrystals was shifted to 

longer wavelengths and a strong SERS effect observed. This system may therefore 

provide a useful probe for studying the interaction of metals and semiconductor 

supports. The SERS effect was related to the broadening and red shift in the silver 

plasmon band, which may have resulted from an induced resonance effect.142 

SERS has also been observed experimentally in nanostructures consisting of 

CdS QDs coated with an Ag cluster film. Applying Ag clusters onto nanostructure 

surfaces resulted in a sharp (40-fold) increase in Raman scattering by optical 

phonons in the QDs.143 The dependence of surface enhanced Raman scattering on 

the excitation energy was found to be resonant and peak at the energy 

corresponding to the maximum absorption coefficient for the Ag clusters. 

More recently, Raman scattering of molecules adsorbed on the surface of TiO2 

nanoparticles was investigated and strong enhancement of Raman scattering in 

hybrid composites exhibiting charge transfer absorption with TiO2 nanoparticles 

found.144 In fact, Raman scattering was up to about 103 times stronger in solutions 
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containing TiO2 nanoparticles and biomolecules including the important class of 

neurotransmitters such as dopamine and dopac (3,4-dihydroxy-phenylacetic acid) 

(Fig. 7A). Only selected vibrations were enhanced, which was suggestive of 

molecular specificity due to distinct binding and orientation of the biomolecules 

coupled to the TiO2 surface. Also, all enhanced modes were associated with the 

asymmetric vibrations of attached molecules lowering the symmetry of the charge 

transfer complex. The intensity and energy of selected vibrations were found to 

depend on the size and shape of the nanoparticle support. 

Our group developed a simple, reproducible, novel method for preparing high-

SERS-active Silver-QD nanostructures. The procedure involves reducing Ag(I) ions to 

Ag(0) in the presence of CdSe/ZnS QDs. To our knowledge, this is the first time 

nanoparticles have been used as reducing agents and link separators between 

neighboring silver particles with a view to creating a very good substrate for SERS 

applications. The SERS activity of this Ag-QD substrate was demonstrated with 

various types of molecules including Rhodamine 6G, Crystal Violet, adenine, and 

2,6-dinitrotoluene (Figure 7B), which testify to the wide applicability of this 

composite. Therefore, the Ag-QD composite seems to be a highly promising tool for 

a wide range of SERS applications in different areas of analytical chemistry. 
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Figure 7. (A) SERS effect of dopamine molecules adsorbed on the surface of TiO2 
semiconductor nanoparticles. Adapted from Musumeci et al. (2009). (B) SERS 
spectra of several analytes obtained  with the new Ag-QD colloid and the 
Leopold-Lendl Ag silver colloid: i) Rhodamine 6G (R6G), ii) Crystal violet (CV), iii) 
Adenine (ADE), and iv) 2,6-dinitrotoluene (DNT). 

1.5. QDs as reagents for redox reactions 

The use of QDs as chemical reagents is one other area of interest scarcely 

explored for analytical purposes. One of the main advantages of using QDs as redox 

agents is that the redox potential of the valence-band holes and conduction band 

electrons can be raised by changing the size of the semiconductor particles.145 

Therefore, QDs can be useful to expand photoredox chemistries with reduction 

reactions which might otherwise not proceed in bulk materials but are feasible in 

small enough particles.146 One other potential advantage is that a large fraction of 

atoms in a nanoparticle are located at its surface. 

 The first account of light driven redox reactions in nanocrystalline systems 

was published in 1981. Since then, various nanocrystalline semiconductor systems 
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including oxides, sulfides and selenides such as TiO2, ZnO, WO3, V2O5, Ag2O, ZnS, 

CdS, PbS, Cu2C, MoS2 and CdSe have been studied.147 Thus, Korgel et al. used CdS to 

reduce nitrate.148 By effect of quantum confinement in electron and hole redox 

potentials, the nitrate reduction rates were found to depend strongly on the 

apparent particle size, the fastest reduction rates being observed with the smallest 

nanocrystals. Sato et al. used layered hydrous titanate/cadmium sulfide 

(H2Ti4O9/CdS) nanocomposites to study the photochemical reduction of nitrate to 

ammonia.149 

 More recently, the use of QDs for the reduction of aromatic azides to 

aromatic amines was reported. Warrier et al. found CdS and CdSe QDs to act as 

highly chemoselective photocatalysts for the reduction of aryl azides to the 

corresponding arylamines in homogeneous solutions.150 Reduction occurred in high 

quantum yields and with full selectivity toward aniline formation. The high 

efficiency of the QD photocatalyzed reduction was ascribed to the large driving 

force for electron transfer to the azide, which in turn arose from the much more 

negative potential of excited QD electrons (–1.7 V vs NHE for 2 nm CdS QDs) 

relative to the azide (p-nitrophenyl azide) reduction potential (–0.59 V vs NHE). 

Figure 8 shows a simplified model of CdS QDs mediated redox process for the 

reduction of azides to amines. In later work, Warrier et al. reported the reduction 

of aryl azide terminated, self-assembled monolayers (SAMs) on gold to the 

corresponding arylamine species in the presence of CdS QDs as photocatalysts.151 
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Figure 8. Simplified model of CdS QDs mediated redox process for the reduction 
of azides to amines. Adapted from Warrier et al. (2004). 

Recently, the Cd/Se mole ratio was found not to match that in the wurtzite 

crystal structure of 1:1 (Cd:Se) stoichiometry. In fact, ratios up to 1.16 and 1.27 

have been reported.152–154 Therefore, QDs contain a stoichiometric wurtzite with a 

Cd ion excess which could be the responsible of the reduction. Our group has 

shown that CdSe QDs can act as a reductant. In fact, QDs can transfer electrons to 

redox-active molecules such as diquat.155 The redox potential of the conduction 

band (ECB) of the CdSe/ZnS QDs used was reported to be –1.3 V, whereas the CB 

redox potential of bulk CdSe was taken to be –0.2 V.156 It has been shown that 

smaller QDs have greater redox potentials.157 Recently, our group found CdSe/ZnS 

QDs to reduce diquat dication to its radical monocation in an acetonitrile medium. 

This allowed us to exploit for the first time the redox capacity of QDs in organic 

solvents such as acetonitrile. To this end, the herbicide diquat (1,1´-ethylene-2,2´-

bipyridilium dibromide) was used as electron acceptor. The redox properties of 
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QDs were used to develop a simple, effective analytical method for the 

determination of diquat residues in seed crops by direct fluorescent measurements 

in organic extracts. Later, we found CdSe/ZnS QDs to have a high enough reduction 

potential to reduce folic acid to its highly fluorescent 5,6,7,8-tetrahydrofolic 

derivative. This reaction was used to develop a simple, rapid, reliable 

spectrofluorimetric method for the determination of unmetabolized folic acid in 

human urine exploiting the redox capacity of QDs. 

2. Non-fluorescent QD-based methods using QDs as a “non-integrated” component 

One of the most interesting advantages of using QDs as labels is the ability to 

modulate the analytical signal by synthesizing QDs of variable size or composition. 

This allows QDs to act as codes for the simultaneous and parallel analysis of 

different targets. 

2.1. QDs as labels in electrochemical analysis 

Genosensors. Quantum dots are excellent candidates for DNA sensing since 

they can be used as oligonucleotide labeling markers for completing sequence-

specific DNA detection assays. Recently, combining electrochemical techniques 

with QDs has proved a very effective method for developing DNA sensors. Several 

methods of DNA hybridization based on labeling with QD tracers and subsequent 

electrochemical stripping measurement of the metal have been developed.158–162 

For example, Merkoçi et al. reported a detection method for DNA hybridization 

based on the use of CdS QDs modified with nucleic acids as labels and subsequent 

electrochemical stripping measurements of the cadmium.158 Dissolution of the CdS 

in the presence of 1 M nitric acid, followed by the electrochemical reduction of 



Capítulo 1 

 

 

144 

 

cadmium(II) to cadmium(0), resulted in accumulation of metal on the electrode. 

Subsequent stripping of cadmium metal by oxidation to cadmium(II) provided the 

electrical signal for DNA analysis. Nanoparticle-promoted cadmium precipitation by 

use of a fresh cadmium solution hydroquinone allowed the nanoparticle tag to be 

expanded and the stripping DNA hybridization signal amplified as a result. In 

addition to measurements of dissolved cadmium, the system afforded direct “solid-

state” measurements following “magnetic” collection of a “magnetic bead/DNA 

hybrid/CdS tracer” assembly onto a thick-film electrode transducer. This system 

combines the advantages of magnetic separation of the trace amounts of CdS NPs 

associated with DNA recognition events and the amplification features of the 

electrochemical stripping method. This afforded highly sensitive detection of DNA, 

with an LOD of 100 fmol and reproducibility, as standard deviation, of 6%. Later, 

Fang et al.159 reported a method for the detection of DNA hybridization in 

connection to lead sulfide (PbS) QD tags and electrochemical stripping 

measurement of the lead. The bioelectronic protocol involved the following steps: 

(a) immobilization of the target DNA on a polypyrrole-modified GC electrode; (b) 

hybridization with PbS NP-oligonucleotide probes; (c) PbS dissolution with nitric 

acid and subsequent release from the hybrids; and (d) anodic stripping 

voltammetry detection of released lead ions. An LOD of 0.3 pmol/L for the target 

oligonucleotides was thus obtained. 

As stated above, QDs of variable composition can act as codes for the 

simultaneous and parallel analysis of different targets. A model system for the 

multiplexed analysis of various nucleic acids with QDs was reported.160 Three 

different types of magnetic particles were modified by three nucleic acids and 

subsequently hybridized with the complementary target nucleic acids. The particles 
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were then hybridized with three QDs (ZnS, CdS, and PbS) which were functionalized 

with nucleic acids complementary to the target nucleic acids associated with the 

magnetic particles. The magnetic particles allowed the easy separation and 

purification of analyte samples, and the semiconductor particles provided 

nonoverlapping electrochemical readout codes that transduced the specific kind of 

hybridized DNA. Stripping voltammetry of the respective QDs yielded well-defined 

and resolved stripping peaks at −1.12 (Zn), −0.68 (Cd) and −0.53 V (Pb), which 

enabled the simultaneous electrochemical analysis of several DNA analytes. Figure 

9A depicts the operating principle behind this strategy for the simultaneous 

detection of different DNA targets. 

This method was further extended to the coding of unknown single nucleotide 

polymorphisms (SNPs) by using different encoding QDs.161 This procedure uses ZnS, 

CdS, PbS, and CuS QDs modified with four different mononucleotides, and NPs, to 

construct different combinations for specific SNPs that yield a distinct electronic 

fingerprint for the mutation sites. 

Immunosensors. In a previous paper, Wang et al. reviewed advances in the 

preparation of immunosensors based on Au NPs.163 In this section, we deal briefly 

with electrochemical immunosensors using QDs as markers. 

An electrochemical multiplexed immunoassay protocol for the simultaneous 

determination of various antigens based on different QD tracers was successfully 

developed164 by which the target antigens (Ag1, Ag2, Ag3) were initially captured 

with magnetic beads conjugated with the corresponding antibodies (MP-Ab1, Ab2, 

Ab3), the bound antigens then being detected by reaction with a pool of QD–

antibody pairs (CdS-Ab’
1, PbS-Ab’

2, ZnS-Ab’
3) and stripping voltammetric 

measurement of the corresponding metals (Zn, Cd, Pb). Each individual protein 
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recognition event yielded a distinct voltammetric peak whose position and size 

reflected the identity and level, respectively, of the corresponding antigen. Figure 

9B illustrates the operating principle behind this approach to the simultaneous 

detection of several antigens. 

 

Figure 9. Different analytical approaches using QD as label. (A) Schematic of 
multiple detection of DNA. DNA probes (P’1, P’2 and P’3) bearing different DNA 
sequences with different types of QDs (ZnS, CdS and PbS, respectively) that 
enable the simultaneous detection of three targets (T1, T2 and T3) hybridized with 
corresponding DNA-capturing probes (P1, P2 and P3) immobilized onto a direct or 
indirect (magnetic particles) transducing platform/s. Adapted from Wang et al. 
(2004); (B) Scheme of multiplexed immunoassay for detection of antigens. A pool 
of QD-antibody pairs (CdS-Ab’1, PbS-Ab’2, ZnS-Ab’3) enable the simultaneous 
detection of three target antigens (Ag1, Ag2, Ag3) which were previously captured 
using magnetic beads conjugated with the corresponding antibodies (MP-Ab1, 
Ab2, Ab3). Adapted from Liu et al. (2007); (C) An ICP-MS-linked immunoassay 
protocol using QD-labelled antibody. 
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The arsenal of inorganic labels for the parallel multiplexed analysis of 

biomolecules, and the level of amplification, were further extended by using other 

metal sulfide composite nanostructures. For example, InS nanorods provided an 

additional resolvable voltammetric wave, and the nanorod configuration of the 

label increased the amplification efficiency by effect of the increased content in 

stripped-off metal from the nanorod configuration relative to a spherical 

nanoparticle structure.165 

Subsequently, several groups further successfully extended the use of this 

strategy with the construction of other novel immunosensors. For example, Lin et 

al. group166 developed a disposable electrochemical immunosensor integrating the 

immunochromatographic strip technique with an electrochemical immunoassay 

and exploited QDs (CdS, ZnS) as labels to amplify signal output. The voltammetric 

response of the optimized device was highly linear over the range 0.1–10 ng/mL 

IgG, and the LOD for an immunoreaction time of 7 min was estimated to be 30 

pg/mL. Moreover, they introduced a QD-based electrochemical immunoassay to 

detect the IL-1a biomarker by coupling a QD label with electrochemical 

detection.167 The LOD thus obtained was as low as 18 pM, which is highly suitable 

for the levels of IL-1a detection needed for biological samples. 

More recently, Zhu et al.168 combined conducting functional nanomaterials 

(e.g., Au NPs, MWCNTs) with QDs to exploit their advantages with a view to 

designing a flexible immunosensor using CdTe QDs as dual electrochemical and 

fluorescent labels for sensitive protein detection. Goat anti-human IgG antibody 

(Ab1) was first immobilized on an indium-tin oxide (ITO) chip coated with well-

ordered Au NPs. The analytical procedure comprised immunoreaction of the 

antigen (Ag) with Ab1, followed by binding of CdTe-labeled mouse anti-human IgG 
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antibody (CdTe-Ab2). The resulting stripping voltammetric signals were linear over 

the concentration range 0.005–100 ng/mL. 

A ZrO2 NP-based electrochemical immunosensor for detecting enzyme changes 

was developed by Liu et al. for the detection of phosphorylated AChE, which is a 

potential biomarker for OP pesticides and chemical warfare nerve agents.169 ZrO2 

NPs were used as selective sorbents to capture the phosphorylated AChE adduct, 

and ZnS/CdS QDs as tags to label monoclonal anti-AChE antibody for measurement 

of immunorecognition events. Initially, ZrO2 NPs were electrochemically deposited 

onto bare SPE to obtain an ZrO2/SPE which was then used to capture 

phosphorylated AChE and QDs. Electrochemical stripping analysis of the metallic 

component (Cd), followed by acid dissolution, allowed captured QD tags on the SPE 

to be determined. The phosphorylated AChE adducts were prepared from the 

pesticide paraoxon. The voltammetric response of the immunosensor was highly 

linear over the range 10 × 10–12 M to 4 × 10–9 M phosphorylated AChE and the limit 

of detection was estimated to be 8.0 × 10–12 M. Although this ZrO2 nanoparticle 

modified immunosensor was extremely suitable for monitoring OP pesticides, 

selectivity could be improved by using a QD-tagged anti-phosphorylated AChE 

antibody. 

Aptasensors. Recent studies have shown aptamers to be effective 

replacements for antibodies in molecular recognition applications. Ever since they 

were screened through the systematic evolution of ligands by exponential 

enrichment (SELEX) from random RNA or DNA libraries, aptamers have been widely 

used in analytical assays and exhibited an enormous potential for recognizing and 

detecting various targets170 by virtue of their generally impressive selectivity and 

affinity, and their many advantages over traditional recognition elements such as 
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antibodies and DNA. Aptasensors have been the subjects of several outstanding 

reviews.171–173 For example, Willner et al. 171 summarized recent accomplishments 

in the development of electronic aptamer-based sensors including electrochemical, 

field-effect transistor and microgravimetric sensors, and described methods to 

develop amplified aptasensor devices and label-free aptasensors. This section 

describes some examples of the use of QDs as labeled markers for constructing 

aptamer-based electrochemical sensors.  

Hansen174 was the first to combine an aptamer with the coding and 

amplification features of QDs in order to prepare a QD/aptamer-based 

ultrasensitive multianalyte electrochemical biosensor. A gold electrode was 

functionalized with the specific aptamers for thrombin and lysozyme. The proteins 

were labeled with CdS and PbS QDs, respectively, and these were bound to the 

respective aptamers associated with the surface. The QD-functionalized proteins 

acted as tracer labels for analysis of the proteins. Competitive displacement of the 

respective surface-bound labeled proteins by the analytes, followed by dissolution 

of the respective remaining metal sulfide on the surface and detection of the 

released ions by electrochemical stripping, resulted in a remarkably low detection 

limit (in the attomole range). The use of these bioelectronic sensors could be 

readily extended to the simultaneous measurement of different proteins with a 

view to determining a large panel of disease markers present at ultralow levels 

during the early stages of disease progress. 

Recently, the first potentiometric sandwich assay for thrombin was 

accomplished by using CdS QD labels of the secondary aptamer. Numnuam et al. 

performed aptamer-based potentiometric measurements of thrombin by using ion-

selective microelectrodes to measure Cd2+ levels that corresponded to 



Capítulo 1 

 

 

150 

 

concentrations of thrombin (the analyte). Anti-thrombin aptamers were first 

immobilized on an Au electrode and then incubated with thrombin. A CdS-modified 

secondary aptamer was added to obtain an aptamer–thrombin–aptamer sandwich. 

Cadmium(II) from the CdS-modified aptamers was then dissolved in aqueous H2O2 

to obtain a dilute solution amenable to potentiometric measurement with a Cd2+ 

ion selective microelectrode. The detection limit in a 200 µL reaction volume was 

0.14 nM, which is equivalent to 28 fmol of protein. The results hold great promise 

for the potentiometric determination of proteins at very low concentrations in 

microliter samples.175 There is still a long way to go in the field of aptamer-based 

electrochemical sensors and novel aptamer-based protein sensors may become 

available in the feature as new aptamers are developed. 

Enzyme-based sensors. Recently, Wang et al. developed a magnetic 

electrochemical immunoassay as a tool for biomonitoring exposures to 

organophosphorus (OP) compounds such as insecticides and chemical nerve agents 

by directly detecting organophosphorylated acetylcholinesterase (OP−AChE).86 This 

immunoassay is unique in that it combines highly efficient magnetic separation 

with ultrasensitive square wave voltammetry (SWV) analysis with quantum dots 

(QDs) as labels. A pair of antibodies was used for the specific recognition of 

OP−AchE, which was prepared with paraoxon as an OP model agent. 

Antiphosphoserine polyclonal antibodies were anchored onto amorphous magnetic 

particles preferentially chosen to capture OP−AChE from the sample matrix by 

binding to their phosphoserine moieties. Also, antihuman AChE monoclonal 

antibodies were labeled with cadmium-source QDs to selectively recognize 

captured OP−AChE. A subsequent electrochemical SWV determination of the 

cadmium component released by acid treatment from the coupled QDs was 
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conducted on disposable screen-printed electrodes. Based on the results, SWV-

based immunoassays provided a linear response over a broad concentration range 

(0.3−300 ng/mL OP−AchE in human plasma) and a detection limit of 0.15 ng/mL. 

2.2. QDs as Resonance Light Scattering labels 

Quantum dots and composite nanoparticles obtained from them can be used 

as RLS labels for various purposes. The ensuing methods, which combine the 

potential of QDs with that of the resonance light-scattering technique, are based 

on aggregation of a QD-complex upon interaction with a specific analyte binder 

such as a protein, which results in strongly enhanced RSL signals. In recent years, 

QDs have been used as fresh functional particles for RLS analysis.176–180 

Chen et al.176 prepared CdS/PAA (polyacrylic acid) composite nanoparticles and 

developed an RLS method for the determination of proteins including BSA, HAS and 

human γ-IgG with them. Reaction of the CdS/PAA composite with the proteins 

enhanced the RLS signal at 380 nm to an extent proportional to the protein 

concentration. This application testifies to the suitability of the joint use of 

composite nanoparticles based on QDs and a RSL probe to develop especially 

inexpensive, simple, sensitive assays.  

Similarly, a simple method for investigating nonspecific interactions between 

mercaptoacetic acid modified CdSe/ZnS QDs and human IgG was developed.177 

Using the RLS technique allowed not only estimation of the ratio of QDs conjugated 

to IgG (IgG added to QDs solution), but also elucidation of the whole process of 

electrostatic conjugation between QDs and IgG under different conditions. 

Babu et al. reported the use of three different sizes of CdSe/ZnS QDs modified 

with lactose, melibiose and maltotriose on their surface for lectin detection in an 
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agglutination assay.178 Agglutination of sugar–QDs by three different lectins 

occurred through specific multivalent carbohydrate–lectin interactions and was 

studied by monitoring scattered light at 600 nm. The detection sensitivity of the 

maltotriose–QD assembly was assessed with Concanavalin A (ConA) and as little as 

100 nM lectin detected from light scattering measurements. The detection 

sensitivity of this protocol was considerably increased by the QDs and agglutination 

seemingly resulted from the formation of smaller soluble aggregates further 

associating to form larger aggregates. A similar method was developed for RLS 

detection of saccharides by using dextran-coated CdSe QDs optical probes.179 The 

dextran–CdSe–QDs composite was aggregated with concanavalin A (Con A) and the 

ensuing change in RLS intensity used to monitor the extent of aggregation. Glucose 

present bound competitively with Con A and caused Con A/dextran–CdSe–QD 

complexes to dissociate, thereby altering the RLS intensity and enabling the 

detection of glucose concentrations from a few to about 90 micromoles. The 

competitive strategy was also used to detect similar types of saccharides and the 

affinities of various monosaccharides for Con A found to increase in the following 

sequence: galactose << glucose < fructose < mannose. The method was successfully 

used to determine glucose in the human serum. 

In other work, nanogram amounts of lysozyme were successfully determined 

by RLS with functionalized CdTe nanoparticles.180 The size of CdTe nanoparticles is 

comparable to that of lysozyme, which facilitated efficient interaction at pH 7.28 —

positively charged lysozyme can interact with CdTe nanoparticles. The resonance 

light scattering (RLS) signals of functionalized nano-CdTe were greatly enhanced by 

the enzyme in the region 300–600 nm, which exhibited peaks at 367, 470 and 533 
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nm. The limit of detection achieved was 9.5 ng/mL. This method therefore affords 

elucidation of enzyme kinetics and detection of lysozyme in complex samples. 

The latest application in this area is the development of a sensitive QD-based 

RLS assay method for the detection of Newcastle disease virus (NDV) antibody.181 

Conjugation of CdTe QDs with the virus enhanced the RLS signal at 555 nm. 

Addition of NDV antibody led to the formation of QD–NDV dispersive 

immunocomplex, which decreased the RLS signal over the concentration range 

0.5–50 ng/mL. The detection limit obtained was 0.1 ng/mL NDV antibody. 

The previous examples illustrate the great potential of using QDs jointly with 

the Resonance Light Scattering technique. Further research in this area is bound to 

expand the applicability of QD-RLS systems with aggregation-based and DNA 

hybridization assays, and enzyme–substrate interaction studies, among others. 

2.3. QDs as labels in Inductively Coupled Plasma-Mass Spectrometry analysis 

Inductively Coupled Plasma-Mass Spectrometry (ICP-MS) has proved a highly 

effective, fast, reliable technique for quantifying metal-based nanoparticles such as 

QDs. In fact, inductively coupled plasma can easily vaporize, atomize and ionize NPs 

with radii of typically 5–100 nm in solution. This has enabled the use of ICP-MS as a 

highly sensitive and selective analytical tool for elemental characterization (e.g., 

size, composition, presence of impurities) of colloidal QDs in solution throughout 

their synthetic process. Synthesis control and analytical characterization of QDs has 

relied mainly on ICP-MS analyses. For example, ICP-MS analysis of colloidal 

suspensions of PbSe QDs was combined with spectrophotometry and transmission 

electron microscopy (TEM) to determine the composition of PbSe nanocrystals.182 

The ICP-MS system allowed both Pb and Se concentrations to be determined, and 
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the Pb to Se ratio calculated. Based on ICP-MS data, such a ratio was found to be 

1:1. Excess lead was systematically observed, however, scaling with the NP surface 

area, the ratio was consistent with a faceted spherical NP model consisting of a 

quasi-stoichiometric nanocrystal core terminated by a Pb surface shell. 

Bang et al.183 developed a method based on ICP-MS detection for the 

characterization of CdTeSe and CdTeS ternary QDs synthesized by using a chemical 

aerosol flow procedure. ICP-MS data revealed the inner structure of the resulting 

QDs to exhibit a gradient in the Se to Te concentration ratio with a CdTe-rich core. 

Recently, ICP-MS analysis of colloidal suspensions of QDs with a CdSe core and 

a ZnS shell was used to study the distribution of elements (Cd, Se, Zn and S) in 

nanocrystal cores and shells.184 The accurate quantitative ICP-MS measurements 

(by isotopic dilution analysis) of NP colloidal suspensions thus obtained were used 

to investigate the temporal changes and characterize the elemental composition of 

the core and shell. The nonstoichiometric nature of the NP core (Cd excess) was 

also demonstrated. Moreover, the elemental data obtained provided experimental 

proof of mixed-shell CdS/ZnS growing over the CdSe QD core. The influence of the 

mole ratios of the elemental precursors used on NP size was also examined, and 

molecular techniques employed in combination with ICP-MS to calculate the 

number of atoms of Se and Cd present in an individual QD.186 

In addition to simply characterizing QDs for later use in bioanalytical 

applications, ICP-MS holds a great potential as a detection and quantitation tool for 

biotoxicology assays. One study established the distribution and biological behavior 

of QDs in vivo. To this end, male mice were intravenously exposed to water-soluble 

CdSe/ZnS QDs and ICP-MS was used to measure 111Cd contents in order to calculate 
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the concentration of QDs in plasma, organs and excretion samples collected at 

preset intervals.185 

ICP-MS with QDs is also useful for bioassays. Thus, a number of ICP-MS-linked 

immunoassays using gold nanoparticle tagged antibodies as secondary antibodies 

in surface-linked immunoreactions have been developed. 

Analytically, QDs have been used as labels for the detection and quantitation 

of biomolecules by ICP-MS. This technique is not so sensitive for some elements of 

great importance in biomolecules (e.g., P, S) owing to their high ionization 

potentials. In addition, isobaric overlap from polyatomic ions of the same nominal 

m/z are common for such elements. However, these problems can be avoided by 

labeling the biomolecule concerned with a metallic element or a metal NP 

containing elements easily detected by ICP-MS (e.g., CdSe QDs), which is measured 

instead of P or S.186 The idea behind this approach is to make biomolecules 

detectable by ICP-MS and thus benefit from its high sensitivity, isotopic ability, 

linearity and matrix robustness. This may allow the detection and determination of 

nearly all biomolecules provided the stoichiometry of the label and efficiency of the 

bioconjugation reaction are both known. Various ICP-MS-linked immunoassays 

using Au-NP-labeled antibodies as secondary antibodies in surface-linked 

immunoreactions have been reported.186–188 However, only in one case were QDs 

used as nanoparticle labels for the subsequent ICP-MS analysis. Chen el at.189 

recently developed a sensitive, selective method of immunoaffinity monolithic 

capillary microextraction (CME) based on a sandwich immunoreaction with QD 

labels coupled with micro-concentric nebulizer inductively coupled plasma mass 

spectrometry (MCN-ICP-MS) for the determination of antigen human IgG in human 

serum. Primary goat-anti-human antibody was immobilized in an 
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aminopropyltriethoxysilane (APTES)-silica hybrid monolithic capillary. Following 

completion of the reaction between the primary antibody, IgG antigen and 

secondary antibody labeled with CdSe QDs in the monolithic capillary, the 

concentration of IgG was quantified by MCN-ICP-MS simultaneously with those of 

Cd and Se released from captured QDs labels by acid dissolution at pH 2.0. The 

response of the CME-MCN-ICP-MS method for human IgG was linear over a 

dynamic range from 0.2 to 10 μg/L based on the Cd signal and from 0.5 to 10 μg/L 

based on the Se signal. The proposed method was successfully applied to the 

determination of IgG in real human serum samples with good recoveries. CdSe QDs 

labels allowed human IgG antigen to be quantified by ICP-MS determination of 

both Cd and Se, and the analytical results validated in a single run. The ensuing 

method was fast, sensitive, selective, flexible and easily extended to other protein 

quantitation schemes in addition to DNA analysis. Figure 9C depicts the protocol 

for an ICP-MS-linked immunoassay using QD labeled antibodies. ICP-MS-could also 

be used for the simultaneous determination of various DNA sequences by multiple 

labeling with different types of QDs. Therefore, the use of QDs as labels for ICP-MS 

analysis remains a great novelty and has the potential for further investigation and 

development. 

CONCLUSIONS 

As shown in this review, QDs exhibit other exceptional properties in addition to 

fluorescence that can be exploited to develop advanced analytical strategies. This is 

specially so with their redox, electrochemical properties and their ability to act as 

hot spots in surface Raman spectroscopy. Also, as shown by many examples above, 

QDs have facilitated the simplification of a number of methods and the 

improvement of various analytical features. 
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En el presente Bloque se procede a enumerar y describir brevemente las 

herramientas analíticas utilizadas en los trabajos experimentales de esta Memoria, 

entre las que se incluyen los estándares, reactivos y muestras analizadas, la 

instrumentación empleada y los aparatos y otros materiales. Dentro de todas estas 

herramientas se describirán con más detalle aquellas que han sido más relevantes 

en este trabajo. 

II.1. ESTÁNDARES, REACTIVOS Y MUESTRAS 

Todos los estándares, reactivos y disolventes empleados a lo largo de la 

investigación fueron de pureza analítica o superior. 

1.1. Analitos 

Los analitos empleados en la presente Tesis Doctoral y que se enumeran a 

continuación, fueron adquiridos en su mayoría de la casa comercial Sigma-Aldrich, 

con excepción de las bacterias que fueron suministradas por el Centro Español de 

Cultivos Tipo (CECT). 

 Etanol. 

 Enantiómeros de carnitina (D- y L-carnitina). 

 Nanopartículas de fullereno C60. 

 Bacterias Escherichia coli O157:H7 (muestras en forma de liófilos). 

 Ácido fólico (ácido pteroil-L-glutámico). 

 Rodamina 6G y cristal violeta. 

 Herbicidas y pesticidas: diquat, atrazina, diuron y clortoluron. 

 Aminas biogénicas: metilamina. dimetilamina, trimetilamina, propilamina, 

dietilamina, triptamina y cadaverina. 
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 Nitrocompuestos: 2-nitrotolueno, 2,4-dinitrotolueno, 2,6-dinitrotolueno y 

2,4,6-trinitrotolueno. 

 Hidrocarburos policíclicos aromáticos: pireno, benzo(a)pireno, 

benzo(a)antraceno y perileno. 

 Bases de ácidos nucleicos: Adenina, guanina, citosina, timina, xantina e 

hipoxantina.  

Las disoluciones patrón fueron preparadas disolviendo la correspondiente 

cantidad de analito para obtener disoluciones de elevada concentración (de 10 a 

1000 mg/L) en un disolvente orgánico (metanol, etanol, acetonitilo) o en medio 

acuoso. Se almacenaron en frascos de vidrio ámbar y se conservaron a 4 °C. 

Los liófilos de bacterias se reconstituyeron con Tryptic Soy Broth (TSB), 

siguiendo las instrucciones de los proveedores. La concentración de bacterias se 

determinó utilizando el método del Número más probable (MPN, del inglés Most 

Probable Number). 

1.2. Disolventes orgánicos 

A lo largo de la Memoria se han utilizado varios disolventes: metanol, 

cloroformo, etanol, acetonitrilo y tolueno, adquiridos de la casa comercial Panreac 

a excepción del cloroformo anhidro y el metanol anhidro que se obtuvieron de 

Sigma-Aldrich. 

Estos disolventes fueron empleados con fines diversos: (i) para la purificación y 

solubilización de nanopartículas, (ii) para la preparación de disoluciones estándar 

de los analitos, (iii) como extractantes, (iv) como medio de reacción en procesos de 

funcionalización de nanopartículas, y (v) como componentes de las fases móviles 

utilizadas en el sistema cromatográfico. 
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1.3. Otros reactivos 

El trabajo experimental llevado a cabo ha requerido el empleo de otros 

reactivos de naturaleza muy diversa: 

 Reactivos para la síntesis de Quantum Dots: óxido de cadmio (CdO, Sigma-

Aldrich), selenio (Se, Sigma-Aldrich), óxido de trioctilfosfina (TOPO, Sigma-

Aldrich), trioctilfosfina (TOP, Sigma-Aldrich), ácido hexilfosfónico (HPA, Alfa 

Aesar), solución de dietilzinc (ZnEt2, 1M en hexano, Sigma-Aldrich), sulfuro 

de bis(trimetilsilil) sulfuro ((TMS)2S, Sigma-Aldrich), metanol y cloroformo 

anhidros (Sigma-Aldrich). 

 Reactivos para la funcionalización de Quantum Dots: dodecil sulfato sódico 

(SDS, Sigma-Aldrich), ácido mercaptoacético (MAA, Sigma-Aldrich), solución 

de hidróxido de tetrabutilamonio ( 0.8M en metanol, Sigma-Aldrich), 1-etil-

3-(3-dimetilaminopropil) carbodiimida (EDC, Sigma-Aldrich), N-

hidroxisulfosuccinimida (NHS, Sigma-Aldrich), β-nicotinamida adenina 

dinucleótido (NAD+, Sigma-Aldrich), L-/D-cisteína (Sigma-Aldrich), p-tert-

butilcalix[8]areno (Sigma-Aldrich), creatinina (Sigma-Aldrich), sulfato de 

colistina (Sigma-Aldrich), 4,4´-bisfenilditiol (BPDT, Sigma-Aldrich), 1,3-

propanoditiol (PDT, Sigma-Aldrich), 1,7-heptanoditiol (HDT, Sigma-Aldrich),  

 Reactivos para la síntesis del composite Nanotubos de carbono-Quantum Dots: 

nitrato de plata (Sigma-Aldrich), hidrocloruro de hidroxilamina (Sigma-

Aldrich) y reactivos específicos para la síntesis de QDs. Nanotubos de 

carbono de pared simple (SWCNT, pureza del 95 %, 20–50 nm de diámetro y 

5–20 µm de longitud, Sigma-Aldrich) y además reactivos específicos para la 

síntesis de QDs. 
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 Reactivos para la síntesis del composite Plata-Quantum Dots: nitrato de plata 

(Sigma-Aldrich), hidrocloruro de hidroxilamina (Sigma-Aldrich) y reactivos 

específicos para la síntesis de QDs. 

 Preparación de buffers electroforéticos: dodecil sulfato sódico (SDS, Sigma-

Aldrich), sulfato cúprico (Merk) y éter corona 18-crown-6 (Merk).  

 Ácidos y bases: Se utilizaron ácido clorhídrico e hidróxido sódico para la 

optimización y ajuste del pH en el tratamiento de muestra y en el buffer 

electroforético. 

 Buffer fosfato salino (PBS, pH=7.4). 

 Enzima alcohol deshidrogenasa (ADH, Sigma-Aldrich).  

 Líquido iónico 1-hexil-3-metilimidazolium hexafluorofosfato ([C6MIM][PF6], 

Merck). 

 Medio de cultivo Tryptosa Soya Broth (TSB, Oxoid).  

 Nitrógeno, suministrado por Carburos metálicos (Sevilla, España), para la 

obtención de atmosfera inerte. 

 Agua Milli-Q (Millipore, Bedford, Estados Unidos), para la preparación de 

disoluciones. 
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1.4. Muestras 

Las muestras analizadas en los trabajos experimentales de esta Memoria 

fueron de tipología muy diversa, incluyéndose muestras de naturaleza alimentaria, 

biosanitaria y ambiental.  

 Muestras de cerveza (tiendas locales). 

 Muestras de cereales de avena (tienda ecológica local). 

 Muestras de orina humana: obtenidas de voluntarios sanos y de voluntarios 

sometidos bajo prescripción médica a la ingesta de ácido fólico. 

 Muestras de agua de río colectadas en Córdoba (España). 

 Muestra de suelo (suministrada por la Universidad de Barcelona). 

 Muestras de pescado (merluza congelada de varias marcas). 

Las muestras analizadas fueron conservadas en oscuridad y a una temperatura 

adecuada (-18 °C para las muestras de orina y pescado y 4 °C para el resto). 
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II.2. INSTRUMENTACIÓN 

En el desarrollo experimental de la presente Tesis Doctoral se ha hecho uso de 

diferentes equipos instrumentales, los cuales se describen a continuación. 

2.1. Espectrofluorímetro 

Espectrofluorimetro PTI QuantaMasterTM (Photon Technology International) 

equipado con una lámpara de xenón de 75 W y un fototubo multiplicador (PTM 

modelo 814) como sistema de detección. Utiliza el software FeliX32 para la 

recogida y análisis de datos, así como para el control global del instrumento. 

2.2. Espectrofotómetro UV-Vis 

Espectrofotómetro ultravioleta-visible, modelo HP/Agilent 8453 G1103A de 

Agilent Technologies. 

2.3. Microscopio electrónico de barrido (SEM) 

 Microscopio Electrónico de Barrido JEOL JSM 6300. 

 Voltaje de aceleración: de 0.2 a 30 kv.  

 Magnificación: de 10x a 300.000x (wd = 39 mm). 

 Resolución:  

o Con electrones secundarios 3.5 nm (a 30 kV, wd =8 mm). 

o Con electrones retrodispersados 10.0 nm (a 30 kV, wd =8 mm). 

 Está equipado con un Sistema de microanálisis Inca energy 250 

o Detector de SiLi tipo de ventana (ATW2). 

o Rango de detección: Del boro al uranio. 

o Resolución: 137 eV a 5.9 KeV. 

 El software permite el análisis cualitativo y semicuantitativo, mapeado de 

elementos, distribución elemental en una línea de barrido, comparación de 

espectros etc.  



II.2. Instrumentación 

 

177 

 

2.4. Microscopio electrónico de transmisión (TEM) 

Microscopio Electrónico de Transmisión PHILIPS CM-10 con las siguientes 

características:  

 Resolución: 0,5 nm Punto y 0.34 Línea. 

 Voltaje de aceleración: 40, 60,80, 100 kv. 

 De 20x a 450.000x en 16 pasos 

 Difracción. 

 Mediciones de muestras. 

 Cámara DIGITAL Megaview III incorporada. 

2.5. Microscopio electrónico de transmisión de alta resolución (HTEM) 

Microscopio Electrónico de Transmisión de alta resolución JEOL JEM 2010 con 

las siguientes características:  

 Resolución: 0.194 nm entre puntos. 

 Voltaje de aceleración: 80, l00, 120, 160, y 200 kV. 

 Magnificación: 

o Baja de 50x a 6000x en 20 pasos. 

o Alta de 2000x a 1.500.000x en 30 pasos. 

 Difracción: selected area, microbean, high dispersion. 

 Brazo portamuestras de doble inclinación. 

 Sistema semistem para mapping de rayos. 

 Incorpora un Sistema de microanálisis Inca energy 200 tem:  

o Detector de SiLi tipo de ventana (SATW). 

o Rango de detección: Del boro al uranio. 

o Resolución: 136 eV. 

 El software permite el análisis cualitativo y semicuantitativo, mapeado de 

elementos, distribución elemental en una línea de barrido, comparación de 

espectros etc. 



BLOQUE II. Herramientas analíticas 

 

 

178 

 

2.6. Equipo de electroforesis capilar 

Equipo de electroforesis capilar (CE) modelo Beckman P/ACE MDQ equipado 

con un detector de fotodiodos en línea (PDA) y un detector de fluorescencia 

inducida por láser (LIF) (Beckman Coulter, Fullerton, CA, EE.UU.). El equipo dispone 

del software 32 Karat (versión 8.0) para el control del instrumento y la recogida y 

tratamiento de datos. 

2.7. Cromatógrafo capilar de líquidos 

Equipo de cromatografía capilar de líquidos de alta resolución (µHPLC) modelo 

Ultimate 3000 Dionex, con detección UV–Vis (Ultimate UV detector, LC Packings, 

Dionex). Dispone de un bucle de inyección de 1 µL y una columna C18 Acclaim 

PepMap (300 µm ID x 15 cm, 3 µm, 100 Å). El equipo dispone del software LabVIEW 

(versión 8.5) para el control global del instrumento y la recogida y tratamiento de 

datos. 

2.8. Espectrómetro Raman 

Equipo Raman modelo LabRaman (Jobin-Ivon Horiba, Bensheim, Germany) 

provisto de un microscopio confocal y de un láser de He-Ne de 20 mW, operando 

en el visible a 632.8 nm. Consta de un detector del tipo CCD (1054 x 256 pixeles) 

enfriado por efecto Peltier. Este sistema utiliza una configuración backscattering y 

utiliza un filtro holográfico notch para eliminar la dispersión Rayleigh de la luz 

recogida. Cuenta además con dos redes holográficas de difracción de 1800 y 600 

líneas/mm. Para la realización de las medidas se uso la red de 600 líneas/mm y el 

objetivo del microscopío con una magnificación x100. 
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II.3. OTROS INSTRUMENTOS, APARATOS Y MATERIALES 

 Configuración experimental utilizada para la Síntesis de QDs.  

En la Figura II.3-1 se muestra una fotografía del sistema de síntesis utilizado.  

El sistema consta de los siguientes elementos: 

- Matraz esférico de fondo redondo de tres bocas  

- Sistema controlador de temperatura con sonda de temperatura Pt 100 

- Manta calefactora con agitación magnética conectada al controlador de 

temperatura 

- Refrigerante de reflujo 

- Embudo de adición (utilizado para la adición gota a gota de la solución de 

Zn/S-TOP en la etapa de recubrimiento de la síntesis de QDs de CdSe/ZnS) 

 

Figura II.3-1. Configuración del sistema experimental para la síntesis de QDs. 
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El agitador magnético AGIMAN con manta calefactora adaptable esta 

conectado a un regulador electrónico ELECTEMP (J.P. Selecta, Barcelona, 

España) con sonda de temperatura Pt100. Permite la regulación de 

temperaturas hasta 350 °C mediante un regulador electrónico de energía 

sincronizado con la lámpara de señalización de funcionamiento del calefactor. 

También, permite regular la velocidad de agitación hasta 1600 r.p.m. 

utilizando un regulador electrónico de la velocidad. 

 Microdispenser de flujo acoplado al cromatógrafo capilar de líquidos. 

El microdispensador es un dispositivo de manejo de micro-líquido formado 

por dos estructuras de silicio micromecanizado. El elemento piezocerámico del 

dispensador es impulsado por una fuente de alimentación de CC (HGL 5630 

DLBN), junto con un equipo controlado generador de onda arbitraria (Agilent 

33120A, Agilent Technologies, Palo Alto, CA), que proporciona un pulso 

electrónico con amplitud definida (15 V). Esta unidad esta provista de un x,y-

stage, con tamaño de paso de 5 micras y con una distancia máxima de 90 mm 

× 40 mm. El microdispensador se conecta con la columna de μLC a través de 

un capilar de sílice fundida (i.d. 50 µm, o.d. 364 µm, y 40 cm de longitud). 

Todos los componentes del microdispenser se controlan desde un ordenador 

con el software Sagittarius (version 3.0.25) que trabaja bajo el sistema 

operativo Windows NT. En la Figura II.3-2 se presenta una fotografía real 

dispenser mostrando cada una de las partes de las que consta el sistema. 
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Figura II.3-2. Configuración del microdispenser de flujo acoplado al 
cromatógrafo capilar de líquidos. 

 

 Ultracentrífuga controlada por microprocesador (Centronic BL-II, J. P. 

Selecta, Barcelona, España). 

 Balanza analítica de precisión (Ohaus, modelo Explorer). 

 pH-metro (Crison, modelo micropH 2000). 

 Baño de agua termostatizado de circulación FRIGITERM, empleado para el 

cultivo de bacterias (J.P. Selecta, Barcelona, España). 

 Baño de ultrasonidos 50 W, 60 Hz (J. P. Selecta, Barcelona, España). 

 Bomba peristática Gilson Miniplus-3 (Middleton, Estados Unidos). 

 Homogeneizador Potter. 

 Agitador Vortex (Heidolph, Mérida, España). 

 Lámpara ultravioleta. 
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 Microjeringa Hamilton 100-μL (Agilent, Palo Alto, CA, USA)  

 Filtros de jeringa de nylon con tamaño de poro de 0.45 µm (Millipore, 

Madrid, España). 

 Filtros para centrifuga “Microcon Ultracel YM-3” de celulosa regenerada (con 

un valor de 3000 de límite de peso molecular nominal) (Millipore, Madrid, 

España). 

 Tubos de centrifuga. 

 Tubos tipo eppendorf. 

 Tubos de PTFE (0.5mm i.d.). 

 Cuvetas y microcuvetas de cuarzo con cuatro caras transparentes. 

 Viales de vidrio y de polipropileno. 

 Micropipetas. 

 Material de vidrio de laboratorio, clase A. 
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II.4. SÍNTESIS DE QDs 

4.1. Síntesis de QDs de CdSe 

Los QDs de CdSe se sintetizaron siguiendo el procedimiento descrito por el 

grupo de Peng con algunas modificaciones en la temperatura y tiempo de 

crecimiento con el fin de lograr un mejor control en el tamaño de los nanocristales. 

El procedimiento se describe a continuación: se adicionan 0,03 g de CdO, 0.11 g de 

ácido hexilfosfónico (HPA) y 3.5 g de óxido de trioctilfosfina (TOPO) en un matraz 

esférico de vidrio de tres bocas. La mezcla se calienta a 300-310 °C bajo atmósfera 

de nitrógeno durante 15 minutos hasta conseguir la disolución completa del CdO. A 

continuación se enfría la mezcla hasta 250 °C y se inyecta rápidamente mediante el 

uso de una jeringa 1.2 mL de una solución de TOP-Se. La solución de TOP-Se se 

prepara previamente disolviendo 0.025 g de Se en 1.5 mL de trioctilfosfina (TOP). El 

sistema se mantiene a 220-250 °C durante un tiempo diferente en función del 

tamaño deseado.  

En la Tabla II.4-1 se recogen los parámetros característicos de los QDs de CdSe 

de distinto tamaño, incluyendo el tiempo de crecimiento, valor del máximo de 

fluorescencia y tamaño medio (± σ, fluctuación en tamaño) de las diferentes 

muestras de QDs sintetizados por este procedimiento. Como se observa al 

aumentar el tiempo de crecimiento se consiguen nanocristales mas grandes, y que 

por tanto emiten luz de menor energía, o lo que es lo mismo emiten a mayor 

longitud de onda. 

Transcurrido el tiempo de crecimiento deseado, la mezcla se enfría 

rápidamente mediante el uso de un baño de hielo y los QDs se recogen en 

cloroformo anhidro. A continuación se lleva a cabo la purificación de los CdSe QDs 
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recién sintetizados, siguiendo el procedimiento descrito posteriormente en el 

apartado 4.3. 

Tabla II.4-1. Parámetros característicos de los CdSe QDs de distinto tamaño. 

Muestra 
Tiempo de 

crecimiento (min) 
Máximo de emisión 

λem (nm) 
Diámetro  

medio ± σ (nm) 

S1 1 522 3.1 ± 0.180 

S2 3 546 3.6 ± 0.198 

S3 5 572 4.3 ± 0.262 

S4 15 591 4.9 ± 0.309 

 

4.2. Síntesis de QDs de CdSe/ZnS 

La primera etapa de la síntesis de los QDs de CdSe/ZnS, con estructura núcleo-

coraza, se lleva a cabo de la misma forma que la síntesis de los CdSe QDs. Una vez 

que los nanocristales de CdSe se han dejado crecer el tiempo determinado, según 

el tamaño deseado, se procede a su recubrimiento con la capa o coraza de ZnS 

como se describe a continuación.  Se prepara previamente la solución madre de 

recubrimiento (Zn/S-TOP) mezclando 1.75 mL de una solución de dietilzinc (ZnEt2, 

1M en hexano) y 0.26 mL de sulfuro de bis(trimetilsilil) sulfuro ((TMS)2S) en 10.25 

mL de TOP. 1.5 mL de esta solución de Zn/S-TOP se adicionan gota a gota y bajo 

agitación vigorosa al medio de reacción mediante el uso de un embudo de adición. 

Una vez finalizada la adición de reactivo, la mezcla de reacción se enfría a 90 °C y se 

mantiene en agitación durante 3 horas. Finalmente la solución se deja enfriar hasta 

la temperatura ambiente y los nanocristales sintetizados se transfieren a un vial de 

vidrio con 10 mL de cloroformo anhidro.  
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4.3. Purificación de QDs 

  Para eliminación del exceso de reactivos (proceso normal de purificación) 

Con objeto de eliminar el exceso de reactivos procedentes de la síntesis se 

lleva a cabo un proceso de precipitación, ultracentrifugación y redisolución en 

varios ciclos (Figura II.4-1). Los QDs recién sintetizados se encuentran disueltos en 

10 mL de cloroformo anhidro, a los que se les adiciona 10 mL de metanol anhidro 

para conseguir la precipitación de los nanocristales y se introducen en un baño de 

ultrasonidos durante 5 minutos. A continuación los QDs precipitados se recogen 

mediante ultracentrifugación (a 13.000 r.p.m.) y se rediuelven en 10 mL de 

cloroformo. Este ciclo se repite 3 veces, obteniendo finalmente los QDs purificados 

que presentan una coloración roja. Los QDs purificados de esta forma consisten en 

los nanocristales recubiertos por una capa de TOPO que les permite que sean 

perfectamente solubles en cloroformo. La solución de QDs en cloroformo se 

almacena en la oscuridad a temperatura ambiente, resultando ser estable por más 

de 1 año. 

 Para eliminación total de la capa superficial de ligandos TOPO  

Para la eliminación completa de la capa de ligandos TOPO que queda tras el 

proceso de purificación normal se requiere llevar a cabo un proceso de purificación 

mucho más intenso. Este consiste en realizar tantos ciclos de precipitación-

ultracentrifugación-redisolución cómo sean necesarios hasta conseguir la 

insolubilidad total en cloroformo (así como en cualquier otro disolvente), lo que es 

indicativo de la eliminación completa de la capa orgánica de la superficie de los 

nanocristales inorgánicos de CdSe ó CdSe/ZnS. 
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Figura II.4-1. Esquema del proceso de purificación de QDs. 

4.4. Caracterización de QDs 

Para la óptima caracterización de los CdSe/ZnS QDs sintetizados se emplearon 

de forma conjunta dos técnicas de análisis: i) La espectroscopia de fluorescencia 

(PL), y ii) la microscopía electrónica de transmisión de alta resolución (HTEM). 

En la Figura II.4-2 se presenta el espectro de excitación y emisión de 

fluorescencia típico de los QDs de CdSe/ZnS en cloroformo, una vez fotoactivados 

bajo exposición a la luz UV durante 1 hora. Como se observa presentan el máximo 

de emisión fluorescente a 570 nm, con un valor de FWHM de ~35 nm. 

La Figura II.4-3 muestra los espectros de fluorescencia normalizados para las 

cuatro muestras de CdSe QDs de diferente tamaño, así como una fotografía real de 

las respectivas soluciones obtenidas en cloroformo tras ser sometidas a un proceso 

normal de purificación.  
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Figura II.4-2. Espectros de excitación y emisión de fluorescencia de los 
CdSe/ZnS QDs en cloroformo. 

 

Figura II.4-3. Espectros de fluorescencia normalizados para las cuatro muestras 
de CdSe QDs de diferente tamaño en cloroformo. Excitación a 400 nm. 
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La Figura II.4-4 muestra imágenes de HTEM de los CdSe/ZnS QDs sintetizados. 

Es importante destacar que para la obtención de imágenes HTEM de calidad de los 

QDs fue necesario eliminar la capa de TOPO superficial, sometiendo los 

nanocristales al proceso proceso de purificación más intenso descrito 

anteriormente. 

 

Figura II.4-4. Imágenes HTEM de los CdSe/ZnS QDs. Las escalas son (A) 10 nm y 
(B, C) 5 nm. La estructura cristalina es visible en (C). 

De la combinación de ambas técnicas fue por tanto posible obtener una 

caracterización apropiada de los QDs sintetizados en nuestro laboratorio por el 

procedimiento anteriormente descrito, llegando a las siguientes conclusiones: 

- Los QDs muestran una morfología esférica con un tamaño medio de ~ 5 nm 

de diámetro. 

- Presentan una homogeneidad aceptable tanto en la forma como en el 

tamaño de los nanocristales. 

- En base a los valores del ancho del pico de emisión a mitad de altura 

(FWHM ~35 nm) se asume que la monodispersidad de la muestra es aceptable. 

Un valor de FWHM de ~35 nm se corresponde con una distribución en el 

tamaño de partícula del ~6 % (para detalles ver Capítulo 3). Es decir, que los 
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QDs sintetizados presentan una estrecha distribución en el tamaño de los 

nanocristales.  

- Los nanocristales tienen un alto grado de cristalinidad, siendo posible 

observar en las imágenes de HTEM los planos cristalinos de la red. 

Una característica particular de los QDs por el hecho de existir confinamiento 

cuántico es que la longitud de onda de emisión no se modifica al variar la longitud 

de onda usada para la excitación, es decir, que presentan una amplia ventana de 

excitación. Esto no ocurre en los fluoróforos orgánicos en los que existe una única y 

óptima longitud de onda de excitación. Para demostrar esto se registró la emisión 

de los QDs sintetizados sometiéndolos a un barrido de excitación entre 325-450 

nm, y como se muestra en la Figura II.4-4 no se observó ningún cambio en el 

máximo de emisión fluorescente en un rango de excitación de 125 nm. 

 

Figura II.4-5. Figura 3D de la emisión de fluorescencia de los CdSe/ZnS QDs en 
cloroformo en función de la longitud de onda de excitación. 
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II.5. FUNCIONALIZACIÓN DE QDs 

A lo largo de los Capítulos de esta Memoria se describen diferentes estrategias 

de funcionalización/derivatización de los QDs según la aplicación particular 

perseguida en cada caso. A continuación resumimos brevemente las 

funcionalizaciones más relevantes por su grado de novedad llevadas a cabo como 

parte experimental de la presente Tesis Doctoral. 

5.1. Preparación de complejos de CdSe–TOPO/TOP–SDS 

Los QDs de CdSe se derivatizan mediante la formación de un complejo entre 

los CdSe y varios tipos de tensioactivos a través de interacciones no covalentes. Los 

tensioactivos utilizados fueron una mezcla de TOPO/TOP/SDS. En la Figura II.5-1 se 

muestra de forma esquemática este proceso de funcionalización. 

Antes de comenzar con el proceso de derivatización es necesario eliminar por 

completo la capa de ligandos orgánicos de la superficie de los QDs cuya naturaleza 

dependerá del procedimiento de síntesis utilizado para obtener los QDs.  

Para la derivatización, se pesan 2 mg de QDs limpios y se adicionan 2 mL de 

una solución de TOPO/TOP (45 mM cada uno) en cloroformo. A continuación, 100 

µL de la solución de CdSe-TOPO/TOP se mezclan con 0.5 mL de una solución acuosa 

de SDS (50 mM), y la mezcla se somete a sonicación durante 15 min para favorecer 

la dispersión al mismo tiempo que se consigue la evaporación del cloroformo. Por 

último, la mezcla se diluye con la solución acuosa de SDS (50 mM) hasta alcanzar un 

volumen final de 2 mL. De este modo, las concentraciones finales de CdSe, TOPO, 

TOP, y SDS son 0,05 mg·mL-1, 2.25 mM, 2.25 mM y 50 mM, respectivamente. 
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Figura II.5-1. Esquema de preparación de complejos de CdSe–TOPO/TOP–SDS. 

5.2. Preparación del conjugado CdSe/ZnS–NAD+  

La funcionalización de los QDs con el cofactor enzimático β-nicotinamida 

adenina dinucleótido (NAD+) se lleva a cabo a través de un proceso en dos etapas: 

(1) la incorporación de grupos carboxilo a la superficie de los QDs para conseguir la 

solubilización de los mismos en agua y proporcionar grupos reactivos para la 

posterior unión del cofactor, y (2) formación del enlace covalente amida entre los 

carboxilo de los QDs y los grupos amino del NAD+. Este proceso se representa en la 

Figura II.5-2. 

Para la primera etapa los CdSe/ZnS QDs en cloroformo se hacen reaccionar con 

acido mercaptoacético (MAA, 1 M) durante 2 horas y con agitación. Tras este 

tiempo, se adiciona buffer fosfato salino (PBS, 100 mM, pH 8.5) a la mezcla de 

reacción en una proporción 1:1 y se agita vigorosamente para favorecer la 

transferencia de fase y conseguir la extracción de los QDs derivatizados en la fase 

acuosa. Se recoge la fase acuosa y se separan los QD-COOH por ultracentrifugación 

desechando el sobrenadante. Este proceso se repite 3 veces para asegurar la 

eliminación total del exceso de MAA.  
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A continuación, 10 mL de QD-COOH en solución acuosa (2.5 mg·mL-1) se 

añaden a 5 mg de 1-etil-3-(3-dimetilaminopropil) carbodiimida (EDC), 2 mg de N-

hidroxisulfosuccinimida (NHS) y 3 mg de NAD+. El pH de la solución se ajusta a 4.8 y 

la mezcla se deja reaccionar toda la noche a temperatura ambiente con agitación 

continua. Finalmente, el conjugado QD-NAD+ se centrifuga, se redispersa en PBS y 

se almacena en la oscuridad a temperatura ambiente hasta su uso. 

 

Figura II.5-2. Esquema de preparación del conjugado CdSe/ZnS–NAD+. 

5.3. Preparación de QDs quirales L-/D-cisteína–CdSe/ZnS 

La estrategia seguida para proporcionar quiralidad a los QDs es la unión de 

ligandos quirales a su superficie. Los distintos enantiómeros de cisteína (L- ó D-) se 

unen a los QDs a través del grupo tiol por un proceso de intercambio de ligandos, 

desplazando a las moléculas de TOPO y TOP, como se muestra en la Figura II.5-3. 

0.5 mL de CdSe/ZnS en cloroformo (1 mg·mL-1) se transfieren a un vial de vidrio 

y se evapora el cloroformo con una corriente de nitrógeno. Seguidamente, se 

adicionan 10 mL de una solución de D-cisteína o L-cisteína (1.65 mM, pH=8) sobre 

los QDs secos (0.5 mg). El vial se introduce en un baño de ultrasonidos hasta 

conseguir la dispersión completa de los QDs en el medio acuoso como 

consecuencia de su recubrimiento con las moléculas de cisteína. 
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Figura II.5-3. Esquema de preparación de QDs quirales L-/D-cisteína–CdSe/ZnS. 

5.4. Preparación de p-tert-butilcalix[8]areno–CdSe/ZnS 

La funcionalización de QDs con calixarenos se ha llevado a cabo siguiendo el 

procedimiento previamente utilizado por Jin y colaboradores, aunque se han 

realizado algunas modificaciones en el medio de reacción debido al tipo de 

calixareno utilizado. 

5 mg de p-tert-butilcalix[8]areno se disuelven en 2 mL de tolueno y se adiciona 

1 mg de los TOPO-CdSe/ZnS. La mezcla se somete a sonicación durante 5 minutos, 

y se deja reaccionar durante toda la noche a temperatura ambiente en la 

oscuridad. Entonces, el complejo resultante se separa por centrifugación, se 

desecha el sobrenadante y los QDs derivatizados con calixareno se redispersan en 1 

mL de tolueno y se almacenan en la oscuridad a temperatura ambiente. Esta 

solución concentrada de calixareno-QDs es estable durante al menos dos meses y 

es la que se utiliza posteriormente para preparar las soluciones diluidas de trabajo. 
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Figura II.5-3. Esquema de preparación de p-tert-butilcalix[8]areno–CdSe/ZnS. 

5.5. Preparación de creatinina–CdSe/ZnS 

Para la funcionalización con moléculas de creatinina se sigue el siguiente 

procedimiento. Se disuelven 50 mg de creatinina en 10 mL de agua y se adiciona 1 

mL de la solución de CdSe/ZnS QDs en cloroformo (2 mg·mL-1). La mezcla se 

introduce en un baño de ultrasonidos durante 10 minutos, y finalmente se ajusta a 

pH=11. Esta solución de creatinina-QDs se fotoactiva por exposición a la luz 

ambiente durante un día, alcanzando transcurrido este tiempo una intensidad de 

fluorescencia constante. Esta preparación se mantiene estable durante seis días 

por lo que se recomienda la preparación de una nueva dispersión de creatinina-

QDs cada semana. 

5.6. Preparación de colistina–CdSe/ZnS 

La conjugación de los QDs con la colistina se lleva a cabo a través de una 

primera modificación de los QDs con grupos carboxilo y posterior unión de la 

colistina mediante un enlace amida empleando la EDC y el NHS como catalizadores 

de la reacción. 

En primer lugar se lleva a cabo la reacción de intercambio de ligandos TOPO 

por MAA para la introducción de los carboxilos sobre la superficie de los QDs. 0.5 

mL de los QDs en cloroformo (2 mg·mL-1) se mezclan con 2.5 mL de una solución 
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clorofórmica conteniendo 1 mL de MAA y 1 mL de hidróxido de tetrabutilamonio. 

La mezcla se deja reaccionar a temperatura ambiente y con agitación durante 2 

horas. Los QDs derivatizados con mercaptoacético se separan por centrifugación y 

se lavan 3 veces con PBS, siendo finalmente redispersados en 1 mL de PBS. 

En el segundo paso, los carboxilo-QDs (0.5 mL) se activan con 0.5 mL de EDC 

(20 mM) y 0.5 mL de NHS (20 mM) durante 30 minutos, y a continuación se 

adiciona 0.2 mL de una solución de sulfato de colistina (5 mg·mL-1) sobre la mezcla 

de QD/EDC/NHS. Se deja transcurrir la reacción 2 horas y finalmente se separan los 

QDs derivatizados del exceso de reactivos por centrifugación. El conjugado 

colistina-QDs se purifican con ciclos consecutivos de lavado-centrifugación y 

finalmente se redispersan en 2 mL de PBS obteniendo de este modo una solución 

concentrada de colistina-QDs. Esta solución concentrada es estable durante al 

menos una semana y se utiliza para preparar la solución diluida de trabajo. 

 

Figura II.5-3. Esquema de preparación de colistina–CdSe/ZnS. 

5.7. Preparación de QDs ensamblados 

La estrategia propuesta para la preparación de QDs ensamblados consiste en la 

formación de enlaces covalentes entre los QDs mediante el uso de ditioles que 

actúan como moléculas de unión. Usando ditioles de diferente longitud de cadena 

es fácil controlar la separación entre un QDs y el contiguo, y por tanto la efectividad 
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del acoplamiento entre ellos. Controlando además la proporción relativa de 

QD/ditiol se favorece la formación de cadenas de mayor o menor longitud, 

llevando a la formación de ensamblados de diferente tamaño. 

De forma general, 200 μL de la solución de CdSe/ZnS en cloroformo                          

(2 mg·mL-1) se se introducen en un vial de vidrio y se evapora el cloroformo con una 

corriente de nitrógeno. Es importante que el flujo de la corriente de nitrógeno sea 

lo mas baja posible, para conseguir una evaporación lenta y evitar la fuerte e 

irreversible agregación de los QDs. A continuación los QDs secos se dispersan en 

etanol con la ayuda de un baño de ultrasonidos y se adiciona una concentración 

determinada (entre 0-100 μM) de un tipo de ditiol concreto (p.ej. 4,4´-bisfenilditiol, 

1,3-propanoditiol, 1,7-heptanoditiol). La mezcla se deja reaccionar a temperatura 

ambiente, bajo agitación vigorosa y en oscuridad durante 24 horas. Entonces el 

producto se separa por ultracentrifugación, se lava varias veces con etanol para 

eliminar el exceso de ditiol, y finalmente se redispersa en 10 mL de etanol. 

5.8. Preparación del composite SWCNT–CdSe 

El nanocomposite hibrido de nanotubos de carbono (CNTs) y QDs se prepara 

por el procedimiento desarrollado por el grupo de Weller, aunque realizando 

algunas modificaciones en el proceso. 

Brevemente, se pesan 0,03 g de CdO, 0.11 g de HPA y 3.5 g de TOPO, y se 

introducen en un matraz esférico de tres bocas. Se calienta la mezcla a 300-310 °C 

bajo atmósfera de nitrógeno durante 15 minutos consiguiendo la disolución 

completa del CdO, y a continuación se enfría la mezcla hasta 70 °C para proceder a 

la adición directa dentro del matraz de 0.6 mg de los CNTs (en nuestro caso se 

usaron nanotubos de pared simple, SWCNT). Se mantiene en agitación 30 minutos 
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y luego se vuelve a calentar a 250 °C antes de introducir el precursor de Se para 

iniciar la nucleación de los QDs en las paredes del CNT. A esta temperatura se 

inyecta rápidamente 1.2 mL de una solución de TOP-Se, preparada previamente 

disolviendo 0.0255 g de Se en 1.5 mL de TOP. Los nanocristales se dejan crecer a 

250 °C durante largos tiempos (15 horas), y transcurrido ese tiempo la mezcla se 

enfría rápidamente y los SWCNT–CdSe se recogen en cloroformo. El 

nanocomposite se somete al mismo proceso de purificación que el descrito en la 

síntesis de QDs y se redispersan finalmente en cloroformo anhidro a una 

concentración de 1 mg·mL-1. 

Para la posterior solubilización en agua del composite SWCNT–CdSe se utiliza 

el tensioactivo SDS como agente dispersante. Como medio dispersante se prepara 

una solución acuosa de SDS al 1% y 200 mM de fosfato, y ajustándola a pH=7.4. Se 

mezclan 2.5 mL de la solución de SWCNT–CdSe en cloroformo con 25 mL del medio 

dispersante, y la mezcla de introduce en un baño de ultrasonidos que permite la 

dispersión del composite a medida que se va evaporando el cloroformo. La 

dispersión completa se consigue en aproximadamente 40 minutos, y tras ello se 

adiciona a la dispersión 0.125 mL de acetonitrilo. Las concentraciones finales de 

cada uno de los componentes en la dispersión final son las siguientes: 0.1 mg·mL-1 

de SWCNT–CdSe, 1% de SDS, 200 mM de fosfato y 0.005 % de acetonitrilo. 

 

Figura II.5-3. Esquema de preparación del del composite SWCNT–CdSe. 
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5.9. Preparación del composite Ag–CdSe/ZnS 

La preparación del composite consiste en la reducción de los iones Ag(I) a 

Ag(0) en presencia de QDs de CdSe/ZnS. Para ello, 0.2 mg de CdSe/ZnS QDs se 

dispersan en 5 mL de una solución de hidrocloruro de hidroxilamina con 0.04 mL de 

NaOH 2M. Con la ayuda de un baño de ultrasonidos se consigue la dispersión de los 

QDs en la hidroxilamina, y a continuación se adiciona ésta rápidamente y con 

agitación a una solución de nitrato de plata (45 mL, 1.1 mM). La reacción se deja 

transcurrir durante 10 minutos, obteniendo tras ese tiempo el composite de Ag–

CdSe/ZnS. Las concentraciones finales en el composite son: 1.0 mM de Ag, 0.85 

mM de hidroxilamina y 4 μg·mL-1 de CdSe/ZnS QDs. 
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III.1. FOTOACTIVACIÓN DE QDs  

Introducción 

Un proceso muy estudiado, pero aún no del todo conocido, que tiene lugar 

cuando se emplean los QDs es el fenómeno de “fotoactivación” que experimentan 

tras ser sometidos a un proceso de irradiación con una fuente de luz intensa. Este 

fenómeno consiste en un incremento brusco de la intensidad de emisión de 

fluorescencia después de que este material es irradiado con luz, bien radiación UV 

o luz natural. De hecho en numerosas aplicaciones (bio)analíticas de los QDs se 

requiere de una etapa previa de fotoactivación para conseguir una señal de 

fluorescencia de elevada intensidad y estable, y así poder tener una señal 

analíticamente útil. 

En la literatura existen muchas referencias de evidencias experimentales sobre 

este fenómeno, pero poco o nada se dice sobre los procesos físico-químicos por los 

que se produce. De hecho, es frecuente encontrar afirmaciones confusas y poco 

concordantes en la bibliografía sobre los efectos de la iluminación, los tiempos de 

irradiación, tipo de luz empleada, etc. Esto da lugar a una gran confusión y 

desconocimiento de este aspecto tan fundamental en el contexto de los QDs. 

Por ello, el objetivo del Capítulo 2 de este Bloque es presentar una revisión 

bibliográfica acompañada de resultados experimentales realizados en nuestro 

laboratorio para tratar de clarificar y explicar de forma detallada en qué consiste 

exactamente el proceso de fotoactivación así como su dependencia con el tipo de 

QD y con el medio en el que se encuentren, es decir si los QDs están dispersos en 
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agua o en disolventes orgánicos. De este modo se apunta que la posible razón de 

esta confusión en la literatura puede ser debida a que existen diferentes 

mecanismos o vías de fotoactivación dependiendo de una serie de factores, como 

son el tipo de QD y su funcionalización, su entorno y las condiciones medio.  

Para profundizar más en el conocimiento de este fenómeno, se evalúa por 

último la reversibilidad del proceso, ya que la estabilidad de los QDs es un 

elemento clave a la hora de emplearlos como herramienta para el desarrollo de 

aplicaciones analíticas. 
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Chemical Communication (2009), 5214-5226 

 

Quantum dots luminescence enhancement 

due to illumination with UV/Vis light 

C. Carrillo-Carrión, S. Cárdenas, B. M. Simonet, M. Valcárcel 

Department of Analytical Chemistry, University of Córdoba, E-14071 Córdoba, Spain. 

Quantum dots (QDs) are a novel class of inorganic fluorophores, which are 

gaining widespread recognition as a result of their exceptional photophysical 

properties. They are rapidly being integrated into existing and emerging 

technologies, and could play an important role in many areas in the future. 

Significant phenomena, such as photoactivation, are still unknown and must be 

understood and more fully defined before they can be widely validated. This 

review provides an overview of the photoactivation process of quantum dots in a 

systematic way, covering QD characteristics, solubilisation strategies, and a 

description of different photoactivation mechanisms, depending on the type of 

QDs and their surrounding environment. 
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INTRODUCTION 

Previous research projects have reported a luminescence enhancement 

produced when quantum dots (QDs) are irradiated with light. This increase in 

fluorescence on exposure to UV/Vis light is commonly called ‘‘photoactivation’’. It 

is also known as photoenhancement or photobrightening.  

It is known that one of the main obstacles which limits the scope of further 

progress in the field of QDs is the poorly understood surface chemistry of QDs and 

the surface-related processes such as stability, cytotoxicity, etc., which can lead to 

changes in luminescence properties. For that, an interpretation of the 

photoactivation phenomenon is essential in order to elucidate the role of the 

surface states and the surface reactions in photoluminescence improvement and 

photostability. However, due to the complexity of the photochemistry in inorganic 

nanocrystals, the exact mechanism for this emission enhancement is still unknown 

and, because of this, much research has been limited to the understanding of PL 

enhancement effects. A lot of data exists in the pertinent literature regarding the 

effects of illumination, irradiation times, type of light, etc. on the photoactivation 

phenomena. However, many of these studies have been carried out with different 

types of QDs and under very different surrounding environments, so that the 

photoactivation process has been explained by a variety of pathways.  

This work was motivated by the enormous importance of the photoactivation 

of QDs in their optical properties not least in terms of their possible subsequent 

applications. It was found that this process is highly dependent on the type of QDs, 

several physical and chemical variables, and the surrounding environments of the 

QDs. Depending on all these variables different mechanism pathways have been 
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reported; for this reason we consider that a comprehensive compilation of all 

information reported in the literature is needed in order to classify photoactivation 

behavior according to different parameters, and hopefully provide a useful guide 

for future research. 

This review first summarizes the types and main characteristics of QDs 

covering the advances made over the last ten years on their synthesis and 

strategies for water solubilisation as well as their optical properties and strategies 

to increase their quantum yield. 

In the following sections, we define the photoactivation phenomena and make 

an attempt to systematize the photoactivation pathway that occurs in each system, 

depending on the surrounding environments of the QDs and the medium 

conditions. We also discuss the different pathways which occur concurrently during 

the photoactivation process for the most commonly used system of QDs 

(modification of surface and media conditions). The influence of several physical 

and chemical variables on QD photoactivation are also discussed. Additionally, the 

reversibility of the photoactivation process is evaluated, and finally we discuss QD 

stability since photostability is a critical feature in most fluorescence applications. 

TYPES AND MAIN CHARACTERISTICS OF QDs 

Due to their unique optical properties semiconductor nanoparticles or 

quantum dots have attracted much attention in diverse fields ranging from 

optoelectronics to photovoltaics and biological sensing. 

Quantum dots (QDs) are nanometer-scale semiconductor crystals and are 

defined as particles with physical dimensions smaller than the exciton Bohr radius. 

The QD core is made up of elements from the II–VI (e.g. CdSe, CdTe, CdS, ZnSe), III–
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V (e.g. InP, InAs) or IV–VI (e.g. PbSe) group, but the most studied QDs in biology are 

those with cores made of CdSe or CdTe. Each material has tunability limits, which 

depend on the physical limitations of the dot size. For instance, Zn-based QDs emit 

at <400 nm, Cd-based QDs can be tunable in the range of 355–710 nm, while Pb-

based QDs have an emission in the near-infrared spectral region.1 A number of 

groups have made efforts to determine the relationship between the size, shape 

and electronic properties of QDs. 

Several excellent reviews covering various aspects of synthesis of QDs, such as 

the nature of the original synthesis, the numerous adaptations to this synthesis 

route, and other synthetic procedures proposed by many research groups have 

been published recently.65,66 A summary of different synthetic pathways as well as 

the strategies for water solubilisation are presented in Table 1. 

Solubilization or funtionalization of QDs 

The QDs are mostly synthesized in nonpolar organic solvents and have 

hydrophobic surface ligands such as trioctylphosphine oxide (TOPO), 

trioctylphosphine (TOP),2–4 tetradecylphosphonic acid (TDPA),5,6 oleic acid7,8 or 

amines (e.g. hexadecylamine, dodecylamine).66–69 However, solubilization of QDs is 

essential for many biological applications which require water-soluble QDs. If they 

are to be solubilized in aqueous buffers, their hydrophobic surface ligands must be 

replaced by amphiphilic or hydrophilic ones.9 

Different QDs solubilization strategies have been devised over the past few 

years,10 including (i) ligand exchange with simple thiol-containing 

molecules11,12,28,35,55–57,62 or more sophisticated molecules such as oligomeric 

phosphines,13 dendrons,14,15 and peptides,16,17 (ii) encapsulation in a layer of 
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amphiphilic diblock,18 triblock copolymers,19 or in silica shells,20,21,43,72,73 

phospholipid micelles,22 polymer beads,23 polymer shells24,25,41 or amphiphilic 

polysaccharides;24,26 and (iii) combinations of layers of different molecules 

conferring the required colloidal stability to QDs.27 The fact that different coatings 

have continuously been introduced shows that it is unlikely that we find all desired 

properties in one universal coating. This means that different coatings will most 

likely be necessary for various applications. 

However, ligand exchange inevitably alters the chemical and physical states of 

the quantum dot surface atoms and in most cases dramatically decreases the 

quantum efficiency of the quantum dots.9,23,26 

Table 1. Different synthesis methods and solubilization strategies of QDs. 
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Ligand exchange inevitably alters the chemical and physical states of the 

quantum dot surface atoms. Although in most cases ligand exchange dramatically 

decreases the quantum efficiency (QE) of the quantum dots,9,23,26,71 in other cases 

ligand exchange does not necessarily lead to decreased QE. For example, exchange 

of hexadecylamine by allylamine has been shown to increase the QE of CdSe QDs to 

50% 67 and exchange of dodecylamine by aminoethanethiol has led to water-

soluble CdTe QDs with QE as high as 65%.70 In general, exchange of dodecylamine 

by thiols has been reported to dramatically increase the QE of CdTe QDs while 

quenching CdSe QDs.71 Recent developments include a promising water-based 

synthesis method that yields particles which emit from the visible to the NIR 

spectrum and are intrinsically watersoluble. 9,10,28,74 

In terms of quantum efficiency levels, non-aqueous synthesis of QDs produces 

nanocrystals with superior luminescent properties than those of their water-based 

counterparts.29 However, transferring these dots to an aqueous phase results in a 

drastic reduction in the overall luminescence efficiency of the QDs.30–32 This 

indicates that even perfect surface passivation achieved in organic solvents is not 

perfect once the QDs are brought in contact with water. This is, presumably, 

because water is a strong polar solvent which can induce various QD-related 

equilibria, making their surface passivation extremely difficult in an aqueous 

system. 

Optical properties of QDs 

QDs exhibit unique optical properties which offer significant advantages over 

the commonly used fluorophores. They are characterized by wide excitation 

spectra, narrow emission spectra, high fluorescence quantum yield, great 
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photostability and size-controlled luminescence properties.1 This latter 

characteristic makes it possible to tune the optical properties of semiconductor 

nanocrystals by simply varying their size, thanks to the effect of quantum 

confinement. 

The interaction of a nanocrystal with its environment plays a crucial role in 

determining its luminescent properties. Most QD applications demand high-quality 

QDs, and one important parameter of high-quality QDs is the quantum yield. The 

fluorescence quantum yield (QY) is defined as the ratio of the number of photons 

emitted to the number of photons absorbed, and it defines the efficiency of the 

fluorescence process. Although the maximum fluorescence quantum yield is 1.0 

(100%), compounds with quantum yields of 0.10 (10%) are still considered quite 

fluorescent. Unfortunately, low QY is often observed in as-prepared nanoparticles. 

The photoluminescence (PL) quantum yield (QY) of semiconductor nanocrystals 

during their growth under a given set of initial conditions increases monotonically 

to a certain maximum value (the PL ‘‘bright point’’) and then decreases gradually. 

The existence of this PL bright point and the sensitive temporal variation of the PL 

QY during the growth of semiconductor nanocrystals can explain the unpredictable 

nature and poor reproducibility of the PL properties of the as-prepared 

semiconductor nanocrystals observed in the bibliography. For this reason, although 

rather high PL QY (≥40%) have been obtained by inorganic or organic capping of 

colloidal nanocrystals, the control and reproducibility of the PL quantum yields has 

remained an elusive issue. The core–shell CdSe/ZnS nanocrystals illustrate very well 

this difficulty with reported quantum yields ranging from 10 to 60%.50,67,69,75–77 

In order to explain this, it is necessary to remember the different relaxation 

pathways once the photon has been absorbed and the QD reaches an excited state. 



 Fotoactivación de QDs 

 

213 

 

The photoexcitation of the semiconductor QDs results in the promotion of an 

electron from the valence band to the conduction band, thus yielding an electron–

hole pair. This absorbed photon can be returned to the ground state via two 

different pathways: radiative recombination or nonradiative relaxation. The 

luminescence properties of the QDs originate from the radiative electron–hole 

recombination. The non-radiative relaxation occurs when quantum dots relax to 

the ground state, primarily through states coupled to the surface of the quantum 

dot and lying within the band-gap. These states lower the quantum yield. These 

non-radiative pathways can include: relaxation via defect states of QDs (the excess 

energy is dissipated as heat via coupling of the defect state to lattice vibrations) or 

resonant energy transfer to acceptor QDs or other molecules present in the 

medium. 

Because of the high surface area of QDs, non-radiative relaxation at surface 

sites and surface traps competes with band-edge emission (radiative 

recombination). Trapping conduction-band electrons in surface traps yields 

sufficiently long-lived electron–hole pairs, resulting in a non-radiative relaxation. A 

now commonly accepted idea regarding the nature of the trapping state in the 

colloidal QDs was suggested by Efros and Rosen (a long-lived trap hypothesis).33 

They claimed that luminescence is quenched if one of the carriers (the electron or 

the hole) is trapped in the surrounding matrix. A photoexcited electron–hole pair in 

such a charged dot can recombine in a radiationless Auger process. The 

recombination time of the Auger process (about 1 ps) is three or four orders of 

magnitude faster than a radiation process, and consequently the QD is very unlikely 

to emit a photon after excitation. 
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As defects on the surface of the QD act as temporary ‘‘surface traps’’ for an 

electron or hole, the presence of surface defects leads to non-radiative relaxation 

(preventing its radiative recombination) and therefore greatly reduces the QY. This 

implies that QY is largely determined by the surface state of QDs.34 However, the 

reasons for such a low quantum yield can be numerous: defects in the crystal 

lattice, surface structures, and particle clustering. Because of this, much effort has 

been made to illustrate the relationship between brightness, stability and surface 

structure. 

High QYs can be achieved and maintained only under an ideal combination of 

growth temperature, solvent composition, and Cd:Se ratio, which leads to an 

optimum surface. Recently, thanks to the knowledge of this behaviour, high QY of 

70–85% for amine terminated multishell particles in organic solvents and a 

quantum yield of up to 50% for mercapto propionic acid-covered particles in water 

have been reported.68 

It is clear that high photoluminescence (PL) QY is achieved through the use of 

surface passivation and it has long been recognized that appropriate passivation of 

surface sites is critical to obtaining high luminescence quantum yields from 

colloidal QDs. 

Passivation of QDs is a way to stabilize the fluorescence properties of QDs 

though the elimination of surface defects (traps which produce non-radiative 

relaxation). Surface passivation strategies reduce non-radiative relaxation by 

confining the wave function of electron–hole pairs to the interior of the crystals. 

Different passivation strategies are commonly employed. (1) The first is through 

band-gap engineering by heteroepitaxial growth. Two types of core–shell QDs can 

be distinguished: type-I (electron and hole are confined in the core) and type-II 
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(electron and core are confined to different parts of the QD). Type-I QDs have a 

shell made of a wider band gap material over a smaller band gap core. In such QDs, 

the exciton is contained within the core because the electron prefers to populate 

the lowest energy conduction band and the hole prefers the highest energy valance 

band available. This design reduces energy transfer between quantum dots 

because the electron and hole are not near the surface. Examples such as 

CdSe/CdS,39,43 CdSe/ZnS37–40 or CdTe/CdS35,47,56,57 can be carefully designed to 

obtain QY close to 85%. Type II QDs, however, have two materials with similar band 

gaps, but the gaps are offset, causing the electron and hole to be separated into 

the core and shell individually. Type II architectures allow for a greater tuning of 

the band gap because both the core diameter and the shell thickness affect the 

electronic structure of the particle. Spatially separated excitons in type-II QDs show 

unique properties such as slow Auger and radiativa decay rates, so that type II 

structures (e.g., CdTe/CdSe and CdSe/CdTe) have been recently shown to be also 

very efficient.78,79 It is also possible to use a core–shell–shell arrangement, where 

the primary shell is used to grade the lattice parameters, and the outer shell 

provides resistance to the environment through effective electronic isolation of the 

core (CdSe/CdS/ZnS or CdSe/ZnSe/ZnS).80,81 (2) A second, commonly used approach 

to enhance PL applies suitable surface passivation ligands (e.g. long-chain organic 

surfactants) to eliminate surface traps caused by dangling bonds. 

Although these methods preserve the photophysical properties of the QDs, the 

passivation layers limit the useful application of the QDs in biochemical processes. 

QDs with thicker coatings tend to have better photostability levels and higher 

quantum yields, while smaller QDs with thin coatings may be less photostable but 

are better suited as intracellular probes. 
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PHOTOACTIVATION OF QDs 

‘‘Photoactivation’’ is the luminescence enhancement produced when 

quantum dots (QDs) are irradiated with light. It is also known as 

photoenhancement or photobrightening. 

Not long ago, reports about the increase of QY as a result of light irradiation 

(known as ‘‘photoactivation’’) appeared. The first to observe this phenomenon 

were Cordero et al., who showed the effects of light irradiation in TOP/TOPO-CdSe 

NPs.36 Then, Jones et al. also reported the PL enhancement of CdSe and CdSe/ZnS 

quantum dots stabilized with TOPO in organic solvents upon illumination.37 In 

subsequent years, the same results have been obtained by others working with the 

same QD systems (CdSe, CdSe/CdS, CdSe/ZnS in non-polar organic solvents).38–40 

This phenomenon was also found to be true for different types of QDs. For 

example, Bol et al.41 observed an increase in QY after doped ZnS/Mn NPs were 

irradiated by UV light, and Jeffrey et al.42 reported an initial PL increase of PbS QDs 

in nitrogen. Parallel to that, other papers observed that this phenomenon also 

occurs in water-soluble QDs such as citrate-CdSe,43,44 cysteine-CdSe, 2-

mercaptoacetic acid-CdSe, 2-mercaptopropionic acid-CdSe, 2-mercaptosulfonic 

acid-CdSe45–47 and thioglycolic acid-CdTe.55–57 Wang et al. studied photoactivation 

in silica-coated QDs as well in aqueous media, obtaining results which indicated 

that the activation process was faster for silica-coated QDs than for the uncoated 

ones.43 Bol et al. reported the same effects for polymer-coated QDs.41 

All the research groups working on QDs with different capping ligands and in 

different media have obtained very similar experimental results, which means that 

all of these examples of photoactivation showed common points. It can be said that 

an increase of luminescence intensity under illumination can be noted, which gives 
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rise to an improvement in quantum yield. It could also be observed that light 

treatment promoted spectral shifts toward shorter wavelengths both in absorption 

and luminescence, and this PL peak blue-shift seems to indicate a decrease in 

particle size during illumination. Moreover, some authors have observed that 

prolonged irradiation times in the presence of water and oxygen eventually led to a 

decrease in luminescence quantum efficiency. 

To explain this experimental phenomenon, several mechanisms have been 

proposed.36,43 The existence of different possible mechanisms reported gives rise to 

a number of questions. One wonders, for example, if it is one mechanism or if 

there is a combination of mechanisms. Additionally, no absolute quantum 

efficiencies were measured in most of the above-mentioned papers. This makes it 

very hard to compare the reported results. Moreover, since PL properties of QDs 

are very sensitive to the surface structure, which is usually determined by the 

synthesis methods, the mechanisms of the photoactivation process should not be 

completely identical for different QDs. We note that the actual mechanism of the 

photoactivation process is not necessarily the same for all of these systems. In 

other words, we think that the reason of the confusion between different research 

teams is that a unique photoactivation mechanism does not exist. 

Up to now, everyone agrees that the main reason for luminescence 

enhancement is the smoothing of the quantum dot core surface and the removal of 

other surface defects. However, we have discovered that it is possible to 

distinguish different types of photoactivation according to the strategy followed to 

passivate surface defects, and, moreover, that each surrounding medium of the 

QDs leads to a particular surface reconstruction or reorganization of the surface 

atoms of the nanocrystal. 
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Based on our findings in previous reports, we propose four principal pathways 

for the photoactivation phenomenon. 

(1) Photoactivation due to heat-induction by light (photoannealing) 

Light transmits heat and produces an increase of the temperature solution, 

which induces the surface reconstruction of the surface atoms of the nanocrystal. 

Light and heat anneals the surface quantum dots by removing the dangling bonds 

associated with unsaturated S, Se or Te atoms present on the surface of CdS, CdSe 

or CdTe, respectively, acting as hole traps. In a previous article,49 it has been 

reported that one of the main effects of thermal annealing is the reduction of point 

defects. Therefore after thermal annealing with light, a QY increase can be 

achieved. 

This is the only photoactivation pathway when QDs are present in a nonpolar 

organic solvent (such as chloroform, hexane, toluene) in an inert and dry 

atmosphere. The enhancement of luminescence under exposure to light is 

therefore limited under these conditions. When photoactivation occurs through 

this mechanism, no blue-shift in the emission spectrum is observed.49 

(2) Photoactivation due to adsorption of water molecules on the surface of QDs 

This pathway is the result of the stabilizing effect of water in coordination with 

the surface. This mechanism has been observed in aqueous media or in organic 

solvents under atmospheric ‘‘wet’’ O2 or N2 and not in the presence of dry gases or 

in a vacuum.28,35,36,43–48,51–55,59 It can be divided into two stages: (1) the water 

molecules adsorbs on the surface of the quantum dots during early illumination 

times and passivate surface charge-carrier traps, increasing the exciton emission, 

which means water molecules are responsible for the initial luminescence 



 Fotoactivación de QDs 

 

219 

 

activation. When oxygen is present in the aqueous solution, the PL activation is 

accelerated, because it induces a slow photocorrosion, resulting in the release of 

Cd2+ according the following reactions:43,44,59 

                              CdS + 2H2O + O2 → Cd+2 + SO4
-2 + 4H+  

                              CdSe + H2O + O2 → Cd+2 + SeO3
-2 + 2H+ 

A secondary effect is a reduction in diameter of the quantum dot particle, 

which is manifested in a blue-shift in the emission spectrum. (2) Immediately after 

this, Cd–OH formation occurs and the PL intensity significantly increases. This 

suggests that the formation of a CdOH or Cd(OH)2 hydroxide layer eliminates the 

surface defects, thus enhancing thus the PL intensity. The formation of Cd–OH is 

more easily achieved in a solution with a higher pH level.35,43,44,59 

However, long illumination times create new defects in the hydroxide surface 

layer which quench the exciton emission, resulting in a lower luminescence QY. 

This means that there is a competition between the passivation of surface defects 

by adsorbed water molecules, which increases the luminescence efficiency, and the 

photo-oxidation (i.e. an oxidation process catalyzed by light) of the hydroxide layer 

formed in an earlier stage, which decreases the luminescence efficiency. 

(3) Photoactivation due to stabilisation with surfactant molecules or surface-

ligand passivation 

This pathway consists of the photo-induced rearrangement of surfactant 

molecules (such as TOPO/TOP, hexadecylamine in organic solvent) or other ligands 

(such as 4-mercaptoacatic acid, 4-mercaptopropionic acid, 4-mercaptosulfonic acid, 

citrate, cysteine, etc. in aqueous media) which stabilize/passivate the holes on the 

surface of the quantum dot, resulting in luminescence enhancement.35–47,51–55,59,82  
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It is well known that synthesized CdSe quantum dots usually have an outer 

nonpolar layer primarily made up of TOPO, which mainly binds with Cd and leaves 

surface Se sites partially exposed. These exposed Se sites on the surface act as hole 

traps conducive to non-radiative pathways, and lower the quantum yield when the 

irradiation time is prolonged. 

(4) Photoactivation due to photo-oxidation 

In some cases the mechanism of the photoactivation process is clearly related 

to the photo-oxidation of the surface of nanocrystals, which is well known to affect 

chalcogenide NPs in water when oxygen is present.28,37,43–45,50,59,62,82 

The essential part of this path is the photo-induced electron transfer from the 

QDs to the dissolved oxygen. Once these electrons are removed, luminescence is 

greatly increased. 

The detailed mechanism is the following: charge carriers resulting from the 

adsorption of light are trapped in the surface states formed because of the uneven 

atomic-scale topography of QDs. The excitons activate the reactions with the 

surrounding oxygen present in the environment to produce reactive oxygen 

species; for instance, the transfer of a photoexcited electron to O2 leading to O2
¯. 

Singlet oxygen (1O2) intermediate was reported to be produced by QDs during 

irradiation. 62,50 The remaining hole also trapped on the surface oxidizes the S, Se or 

Te to SO4
2‾, SeO2 or TeO2, respectively. This photoxidation results in the gradual 

erosion of the unwanted topographic features on the surface, namely 

photocorrosion, and highly luminescent NPs where the nonradiative decay of 

excitons no longer dominates. As a consequence of photocorrosion, the large 

increase in QY observed after photoactivation occurs concurrently with the blue-
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shift and broadening of the emission spectrum of QDs is due to decreased particle 

diameter and less heterogeneous size distribution. Finally, when the 

photocorrosion has happened to large extension, the degradation of the QD core 

conducts to a drastic decrease of quantum yield. 

Further evidence of the close relationship between photocorrosion and 

photoactivation has been provided. Wang et al. demonstrated that degradation 

mostly occurs during the first illumination stages, with a modest increase in QY, 

whereas at later times, QY notably increases with a small variation in particle size. 

Thus, they concluded that the increase in luminescence intensity occurs only after a 

certain degree of surface modification and oxidation is achieved. 

Additionally, it has been verified that exposure to air (oxygen) without light is 

not sufficient to activate luminescence even at elevated temperatures. 

Photoactivation of hydrophobic QDs 

Previous reports have demonstrated that a photoactivation process occurs in 

both CdSe and CdSe/ZnS in nonpolar solvents when air is present, although this 

process is faster in CdSe. In other words, the PL of the smallest CdSe QDs was 

found to rise the fastest, and those that were capped with a ZnS shell were more 

resistant to enhancement. However, in an inert atmosphere (‘‘dry’’ N2) no 

significant photoactivation was observed (only long-term irradiation produced a 

slight PL increase, which was probably due to a photoannealing pathway). This fact 

indicates that photo-oxidation is the main path of photoactivation when QDs are in 

nonpolar solvents in air.37–40,50 A schematic picture of the photoactivation pathway 

mechanism occurring on TOPO/TOP-capped CdSe in an organic solvent is shown in 

Fig. 1. For photo-oxidation to take place in a CdSe/ZnS core–shell, oxygen has to 
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diffuse through the passivating ZnS layer that has been grown on the CdSe 

nanocrystals. The observation that photo-oxidation occurs indicates that the ZnS 

layer is not a closed epitaxial layer but rather a layer with grain boundaries, 

presumably at places where ZnS islands meet, which started to grow at different 

locations on the CdSe nanocrystal. At these boundaries, oxygen can diffuse to the 

CdSe core inside the ZnS shell. With a thicker shell the oxidation rate is reduced 

because of the slower diffusion of oxygen to the CdSe core through a thicker ZnS 

shell.50 

 

Figure 1. Schematic picture of the photoactivation pathway occurring on 
TOPO/TOP-capped CdSe in organic solvent and changes on their PL intensity under 
different atmospheric conditions. 

Photoactivation of hydrophilic QDs or water-solubilized QDs 

Derivatization with mercaptocarbonic acid has been recognized as one of the 

standard methods and is generally used for aqueous solubilisation of QDs. 

However, these ligand exchange reactions typically modify the physicochemical 

states of the QD surface atoms and dramatically change various properties of QDs, 
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including the photostability of QD surface atoms, resistance to oxidative dissolution 

process and coagulation/precipitation tendency. For this reason, in quantum dots 

which are water-solubilized with thiol compounds, the photoactivation process is 

complex. Many researchers45,46,52–55 have reported that, upon continuous exposure 

to room light or light from a UV lamp, thiol-capped QDs begin to precipitate but 

also show a concurrent increase in luminescent intensity. All experimental data 

reported can be explained if we take into consideration that the photoadsorption 

of H2O molecules and photo-oxidation are the two main reaction pathways 

occurring in the thiol-capped QD systems during the photoactivation process. The 

detailed photoactivation process is the following: after short exposure to room 

light or light from a UV lamp, there is only a slight increase in emission intensity. 

The initial exciton peak in the absorption spectrum becomes less well-defined, and 

the quantum dots begin to visibly clump in the sample cuvette. However, 

prolonged light exposure gives rise to three processes: (1) photo-oxidation of 

surface thiol groups produce disulfide molecules, which are water-soluble and 

readily removed from the QD surface and dissolved into the aqueous solution. As a 

result, hydrophobic surfaces of the QDs are exposed to an aqueous environment, 

and these partially naked QD surfaces prefer to stick together to form aggregates 

of QDs and cause increases in their core size (i.e., ‘‘red’’ shift in UV/Vis absorption 

peak position), (2) adsorption of H2O or surfactant molecules to the QD surface, 

which passivate surface defects and create long-lived surface trap states resulting 

in enhancement of QD exciton emission. The first process helps the second process 

by increasing surface exposure to the environment. For this reason, 

photoenhancement does not occur until precipitation starts, when there is a 

significant decay of the thiol-coat and a QD surface is exposed to the aqueous 

environment, and (3) photo-oxidation of the QD surface as a result of the transfer 
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of absorbed energy to the surface of QDs and following oxidation of surface Se to 

form an SeO2 layer. This oxide layer passivates the surface defects and leads to a 

large increase in photoluminescence. Finally, when times of exposure to light are 

very long occurs the oxidative dissolution of the QD, SeO3
−2 and Cd+2 ion are 

desorbed from the QD surface and cause “blue” shift of the first exciton absorption 

peak of QDs (i.e., the reduction in their core size). Removal of the SeO2 molecules 

from the surface leaving behind “dangling” reduced Cd atoms, so exposes new 

surface defects and lowers the quantum yield. This mechanism is common for the 

most of thiol-compounds ligands used, such as 2-mercaptoacetic acid (MAA), 3-

mercaptopropionic acid (MPA) and 2-mercaptoethane sulphonic acid (MES). 
28,35,45–

48,51–57,62 A schematic picture of the photoactivation reaction mechanism occurring 

on mercaptoacetic-capped CdSe in aqueous media is shown in Fig. 2. 

 

Figure 2. Schematic picture of the mechanism of the photoactivation reaction 
occurring on mercaptoacetic-capped CdSe in aqueous media and changes on PL 
intensity observed during this pathway. 
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However, the explanation of the photoactivation mechanism is very different 

when QDs are capped with thioglycolic acid (TGA). The reason for this difference is 

that, although TGA has a molecular structure which is very similar to MAA, MPA 

and MES, TGA presents quite a different photodegradation behaviour. It has been 

demonstrated that the photo-oxidation of MAA, MPA and MES does not produce 

sulfide ions. Systematic investigations48 revealed that the PL enhancement effect 

achieved by illumination in TGA-capped CdTe systems was strongly related to the 

photodegradation of TGA rather than CdTe nanocrystals themselves. Therefore, the 

photoactivation pathway is as follows. During the early illumination stage, the 

degradation of TGA preferentially leads to the formation of a TGA-Cd complex shell 

on CdTe, which contributes to the PL increment but only to a limited degree. 

Further degradation of TGA produces sulfide ions which diffuse into the TGA-Cd 

shell and finally form a solid CdS shell structure on CdTe. Because CdS has a 

broader band-gap than CdTe, the formation of the CdS shell on CdTe will effectively 

passivate the CdTe surface and gives rise to a great increment in PL intensity. The 

general increase in absorption and slight red-shift near the absorption onset also 

supports the epitaxial growth of CdS on CdTe.56,57 In the end, prolonged irradiation 

times produce new surface defects on the CdS shell, or removal of this shell. 

resulting in a significant decrease in PL intensity. 

Citrate-QDs and cysteine-QDs have also been studied in order to determine 

their photoactivation process.43,44 Freshly citrate-stabilized CdSe showed very weak 

luminescence but, after irradiation, an increase of PL quantum yields with 

prolonged illumination was observed. This enhancement was greater for citrate-

stabilized core–shell CdSe/CdS. In all cases, a gradual blue-shift of the emission 

spectrum after irradiation could be observed. Deng et al. proposed that the 
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essence of photoactivation is the elimination of topological surface defects. This is 

in agreement with Wang’s conclusions, who considered that the cause of 

photoactivation was the smoothing of the nanoparticle surface during 

photocorrosion and the elimination of specific structures on the NP surface. If we 

take these comments and the experimental results described in previous articles 

into consideration, we believe that the real mechanism of photoactivation in these 

systems (in aqueous solutions and in air ambient conditions) is the sum of three 

concurrent pathways: stabilization of surface defects by citrate or cysteine ligands, 

passivation as a result of photoadsorption of water molecules, and photo-oxidation 

of the QD surface. Under certain conditions, for instance, in an anaerobic 

environment and at high pH levels, it is also possible that the reduction of citrate 

anions in water can cause some degree of activation due to the filling of the surface 

electron traps. 

Citrate + hv → acetone-1,3-dycarboxylate + CO2 + e- 

Additionally, the TEM images of citrate-stabilized CdSe before and after 

photoactivation revealed no drastic change in NP morphology. However, the sizes 

of CdSe NPs after photoactivation were small compared to the unexposed 

dispersion, which is in agreement with the blue-shift induced by illumination. Our 

results when working with cysteine-capped CdSe/ZnS are concordant with all of the 

abovementioned discussions and some of our experimental data is presented in 

Fig. 3. In Fig. 3A we can see the effect of photoactivation time under a mercury 

lamp of a solution of cysteine-capped CdSe/ZnS open to the atmosphere. It was 

found that when dissolved oxygen was removed from the solution by bubbling N2 

for 30 min, the fluorescence emission decreased dramatically, which indicated that 

the presence of oxygen was essential for photoactivation. It is in fact one of the co-



 Fotoactivación de QDs 

 

227 

 

reactants in the photoactivation reaction. However, the bubbling of O2 during 

photoactivation resulted in a colourless solution and a loss of fluorescence. This 

fact indicated that a high concentration of O2 produced a negative effect, which 

was attributed to the oxidation of cysteine to cystine and a massive oxidation of 

the surface of the QD. The fluorescence of photoactivated cysteine-QDs was 

decreased and the fluorescence intensity became negligible after ~2 days. 

However, the dispersion was stable for at least one month when stored in the dark 

at room temperature. A simple re-photoactivation with light was enough to recover 

the fluorescence intensity. The photoactivation time required to reach a 

preselected fluorescence intensity was clearly higher for fresh dispersions as can be 

seen in Fig. 3B. 

 

Figure 3. Photoactivation data of cysteine-capped CdSe(ZnS): (A) effect of 
photoactivation time of the intensity fluorescence, and (B) comparison of 
photoactivation in fresh and deactivated QDs. 

In the case of silica-coated QDs, stronger photoactivation has been observed 

despite the fact that the cores of the QDs was expected to be shielded from 

photocorrosion. This observation confirms that the photoactivation process in 

these systems is intrinsically related to particle photo-oxidation. This fact can be 

explained because the preferential adsorption of oxygen molecules in the porous 
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silicate shell accelerates the photocorrosion process. In addition, larger and faster 

blue-shifting of the PL emission peak of silica-coated QDs was found when 

compared to uncoated QDs.43 

Differences in the photoactivation pathway of polymer-coated QDs have been 

reported.41,58 In this case the increase of QY observed after exposure to UV light 

can be explained by further cross-linking and polymerization of the passivating 

molecules at the surface of the nanoparticle, which results in a better passivation 

of surface states which act as nonradiative recombination centres. It is well-known 

that when vinyl polymers such as poly(vinylbutyral) (PVA) and poly(vinyl alcohol) 

(PVA) and the monomer methacrylic acid (MA) are subjected to UV cross-linking, 

reactions can occur (UV curing). Bol et al.41 observed that the UV enhancement 

behaviour (e.g., initial rise, time to level off, total increase) was dependent on the 

polymer used to passivate the QD. They found that QDs passivated with PVB, PVA 

and MA exhibited a higher increase in QY upon UV irradiation than those coated 

with polyphosphate (PP). This difference can be explained by the fact that PVB, PVA 

and MA have the ability to polymerize further and form cross-links, while for PP no 

further polymerization can occur. A higher degree of polymerization can lead to a 

better coverage of the surface of the particles and can reduce the number of 

dangling bonds on the surface of the QD (dangling bonds provide surface trap 

states for nonradiative recombination). We suggest that the slight increase of QY 

observed with PP-coated QDs (in air) is due to another photoactivation mechanism 

(adsorption of water molecules and/or photo-oxidation), since the QDs passivated 

with PP did not show UV enhancement of PL intensity in dry inert atmosphere, and 

only a small increase upon irradiation in a humid nitrogen atmosphere. Only when 

the UV curing was performed (in dry inert atmosphere), was no blue-shift of the 
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emission peak observed, which is consistent with no changes in the core size of the 

QD. It has been demonstrated that photo-oxidation and other pathways have less 

effect than UV curing for PVA-QDs, PVB-QDs and MA-QDs systems. The suggested 

explanation is in agreement with other results reported in literature. A 

considerable enhancement of the PL quantum efficiency of the QDs was observed 

when photoactivated above the band gap in the presence of polymers such as 

poly(dimethyl siloxane) (PDMS), poly(vinyl pyrrolidone) (PVP), and poly(butadiene) 

(PBD), and it was determined that static passivation of the surface defects by 

polymer molecules was responsible for this PL increase.58 

Variables affecting photoactivation process 

It is well known that the photoactivation process depends on several factors: 

atmospheric conditions (oxygen, humidity), intensity of light, presence of water, 

polarity of the solvent, pH solution. The influence of each of these factors is 

discussed below. 

(A) Influence of oxygen. Because oxygen plays a major role in photo-oxidation 

(one of the main photoactivation mechanisms), it is important to discuss the 

influence of air in photo-induced luminescence enhancement. Several studies on 

the time evolution of the quantum efficiencies during light irradiation in air and in 

nitrogen have been carried out.28,36,43,44,50,59,60,62,82 From all these, we can conclude: 

• PL enhancement in inert gas is far less pronounced than that in air, because 

in the absence of oxygen photo-oxidation is not possible, and so photoactivation 

works only through photoannealing (in organic solvent) or photoadsorption of H2O 

or surfactant molecules (in aqueous medium). In fact, some enhancements of 
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luminescence upon illumination in nitrogen observed by other authors have been 

attributed to the presence of residual amounts of oxygen in the atmosphere. 

• Additionally, the PL intensity is increased considerably when the quantum 

dot solution is bubbled with O2 because photo-oxidation is possible. 

• In air (in presence of oxygen), the increase in PL after photo-oxidation occurs 

concurrently with the blue-shift of the emission spectrum, which indicates particle 

size reduction, because prolonged oxidation leads to photocorrosion or oxidative 

dissolution of the QD. 

• In contrast, in inert gas the emission peak does not blue-shift and hence 

particle size is not reduced, because photocorrosion does not take place in an inert 

atmosphere. 

Although, it is obvious that air plays a critical role in the photoactivation, when this 

process follows the photooxidation pathway, exposure to air without light is not 

sufficient to activate luminescence even at elevated temperatures. 

(B) Intensity and type of light used for illumination. The timescale for 

photoactivation depends on the intensity of the photoactivating light. For this 

reason, it is very difficult to compare the results reported in literature regarding the 

enhancement of QY reached after photoactivation for the same type of QD and in 

the same medium, because authors generally do not specify the light intensity used 

(only if the light is sunlight or ambient light, UV light or laser).39,40,50,59,62,83 It is clear 

that PL enhancement is faster under UV light irradiation compared to room-light 

irradiation. Moreover, high intensity ultraviolet irradiation leads to a more rapid 

enhancement of the photoluminescence of QDs than low-intensity ultraviolet 
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irradiation, so less irradiation time is necessary to reach the maximum 

enhancement. 

The reaction involving the PL activation was further investigated for the 

wavelength dependence of the irradiated light, by exposing the sample to 

monochromatic light of an Ar+ tunable laser (458, 473, 488, 501 or 514 nm).59 Upon 

irradiation at <488 nm, the PL intensity linearly increased as a function of the 

irradiation time, while the intensity increase with 458 nm irradiation was almost 

saturated after 30 min. 

In contrast, the intensity was unchanged under irradiation at >501 nm. 

Therefore, photoactivation is dependent on the excitation wavelength and the QD 

absorbance, indicating that the photoexcitation of QD is necessary for the increase 

in PL. 

(C) Influence of solvent 

C.1 Water medium. Several experiments aimed to determine the atmospheric 

constituent involved in the activation process have been carried out. No 

photoactivation was observed when CdSe was placed in a chamber and exposed to 

a variety of atmospheric gases including dry Ar, dry N2, dry O2 and dry CO2. 

However, photoactivation did take place in an atmosphere of wet N2 and wet O2. 

These results indicate that water vapour present in ambient air is part of the 

photoactivation process. We can explain this because under their particular 

photoactivation conditions (light type, etc.) the photoactivation process is a result 

of the H2O adsorption mechanism.36 

The products layer formed during irradiation in the presence of water 

passivates the surface better than those formed in the presence of oxygen. This 
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indicates that the PL enhancement of water molecules by photoadsorption is faster 

and greater than for the photo-oxidation pathway. One of the products that could 

be created during the irradiation in the presence of water is a Cd(OH)2 layer around 

QD nanoparticles. This hydroxide layer passivates the surface very well, better than 

the SeO2 oxide layer formed in presence of oxygen but in the absence of water. 

C.2 Polarity of solvent. Interesting effects have been reported when methanol 

was added to a toluene or hexane solution of QDs.37,61 Both toluene–methanol and 

hexane–methanol systems showed an accelerated increase of the PL QY compared 

to that of toluene-only or hexane-only QD solutions. This suggests that methanol or 

water present in the methanol solution could be stabilizing the holes on the surface 

of the QD by coordination with the oxygen. Dissolved methanol (or water) could 

also stabilize surface charge by increasing the local dielectric constant of the 

surrounding solution. 

When the solvent polarity increases a blue shift in the exciton PL is observed. 

However, in this case the blue-shift is not due to particle size reduction as we 

observed when photocorrosion or photodegradation occurred. It has been 

reported that the wavelengths of optical absorption and emission bands are 

affected by the presence of charges on the surface of the QDs, resulting in a Stark 

effect energy shift.61 It is therefore plausible that charge, localized in surface traps, 

could produce a slow contraction of the dot diameter resulting in the blue-shift of 

emission. In this way, if methanol acts to passivate hole traps, it could effectively 

lower the surface charge and therefore lead to the observed blue-shift in the 

exciton PL. 
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(D) Influence of pH. In the case of QDs in aqueous media, the effect of the pH 

of the solution prior to illumination is an important factor which should be taken 

into consideration.35,43,44,59 On the one hand, Wang et al.43 found that the influence 

of this parameter was very different when the photoactivation process of citrate-

stabilized CdSe was carried out in air or in inert atmosphere. 

• When illumination is performed in air, the emission after enhancement is 

basically identical, regardless of the pH level. This indicates that (1) surface 

processes play the key role in the photoenhancement phenomenon and that (2) 

the final surface structure of the NPs in the highly luminescent state is 

characterized by smaller chemical variability, and is therefore characterised by a 

weaker dependence on environmental factors. 

• However, when samples are illuminated in an inert atmosphere, the PL 

increases after photoactivation, depending on the pH-level used. No enhancement 

is observed at pH 8, but at pH 10 a clearly detectable enhancement occurs, which is 

initially slower than that for samples in air. 

On the other hand, researchers working with thiol-capped CdSe, such as Sato 

et al.,59 did not come to the same conclusion. Their results of PL intensity reached 

after photoactivation as a function of solution pH, clearly show that pH 11 was the 

most suitable for the photoactivation. This can be explained because in these 

systems, immediately after thiol molecules are oxidized and desorbed from the 

surface, Cd–OH formation occurs, eliminating some surface defects and leading to 

an increase in PL intensity. Therefore, it is logical that the Cd–OH bonding achieves 

favourable results in solutions with higher pH. Lowering the pH will eliminate the 

Cd–OH bonds and allow for unsaturated Cd to act as electron traps. 
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Reversibility of the photoactivation process 

All our observations and previous data reported suggest that the reversibility 

of the photoactivation process depends on the medium and atmosphere 

conditions.40,59 Only when the QDs were in non-polar solvent (i.e. hexane) and in 

dry and inert atmosphere, the PL intensity was recovered completely after 

continuous cycles of illumination–darkness.59 These results imply that a reversible 

reaction occurs without degradation in non-polar solvent solution. In all other cases 

(in aqueous solution and/or in presence of oxygen) it was found that the 

photoactivation process is not completely reversible. This is not surprising, since a 

blue-shift of the exciton luminescence spectrum is observed, which implies an 

irreversible photooxidation or photocorrosion of the QD. In the schematic Fig. 4, 

we to show the behaviour of QDs under different conditions and subjected to 

several illumination–darkness cycles. 

 

Figure 4. Schematic overview of reversibility of photoactivation process through 
the changes on the PL intensity of QDs in different media and atmospheric 
conditions after continuous illumination–darkness cycles. 
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Photostability of QDs 

Photostability is a critical feature of most fluorescence applications, and is an 

area in which QDs have a singular advantage. Unlike organic fluorophores, which 

bleach after only a few minutes of exposure to light, QDs are extremely stable and 

can undergo repeated cycles of excitation and fluorescence for hours with a high 

level of brightness. Our findings and the studies reviewed here suggest that QD 

stability depends on multiple factors derived from both the inherent 

physicochemical properties of QDs and environmental conditions. QD size, charge, 

concentration, outer coating bioactivity (capping material and functional groups), 

and oxidative, photolytic and mechanical stability are each factors which, 

collectively and individually, can determine QD stability. Of these physicochemical 

characteristics, functional coating and QD core stability figure prominently and will 

most likely be significant factors in determining the photostability of QDs.28,55,59,62 

Surface ligands and coatings have been shown to decrease QD surface 

oxidation by limiting transport of oxygen to the surface, and thus, increase the 

stability of nanoparticles. Coating the core of QD with another semiconducting 

material, i.e. the formation of a core–shell structure such as CdSe/CdS, CdSe/ZnS, 

CdS/HgS/CdS or CdS/ZnS, is what is usually done. Alternatively, thiol capping 

molecules have been employed to coat the CdTe surface, simultaneously forming a 

CdTe/CdS core–shell structure. Although capping material significantly reduced 

ambient air oxidation, several experiments suggest that even multiple 

inorganic/organic surface coatings did not fully eliminate photo-oxidation. 

However, we have seen that the different coating strategies currently employed or 

under development (i.e., polymer coatings, lipid-micelles with protein cross-linking) 

offer varying degrees of protection from surface oxidation. However, in all cases, 
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surface oxidation through a variety of pathways (e.g. photocorrosion, 

photodegradation or oxidative dissolution) led to the formation of reduced Cd on 

the QD surface and to the release of free cadmium ions in the medium solution. All 

reported assays showed an increase in Cd levels due to decomposition of the QD 

core with light exposure time (concentrations of free Cd were measured by 

ICP/OES).60 Therefore, several studies suggest QD cytotoxicity to be due to 

photolysis or oxidation. Under oxidative and photolytic conditions, QD core–shell 

coatings have been found to be labile and degradable and thus releasing 

potentially toxic ‘‘capping’’ material or intact core metalloid complexes, or resulting 

in the dissolution of the core complex to QD core metal components (e.g., Cd, Se). 

In some studies,54 it has been demonstrated that the addition of various 

artificial surfactant molecules such as sodium dodecyl sulfate (SDS), sodium 

dodecyl benzene sulfonate (SDBS) and cetyltrimethylammonium bromide (CTAB)) 

improves the photostability of water–soluble QDs. This is based on the assumption 

that surfactant molecules added to the QDs (e.g., thiol coated QDs) may have a 

stabilizing effect on nanocolloids as well as the reduction/enhancement of the 

surface oxidation via formation of micelles or vesicles. 2-Mercaptoacetic acid-QDs 

associated with cationic CTAB surfactant formed the most stable suspensions, and 

thus, they were the most resistant to the coagulation and precipitation processes 

even after many hours of UV exposure. This implies that CTBA can readily form 

vesicles or micelles around the negatively charged thiol-capped QDs surface 

through electrostatic interactions (in neutral or alkaline pH conditions). In contrast, 

anionic surfactants, such as SDS and SDBS, will show repulsive electrostatic 

interactions with negatively charged thiol-QDs and may not be able to form stable 

vesicles or micelles around the QDs. 
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However, it is well known that the stability of QDs in non-polar organic 

solvents is better than in aqueous media. The photostability of QDs was remarkably 

improved when they were located in a non-polar solvent. This fact is logical 

because, as described above, O2 and H2O are involved in the reaction mechanism of 

QD photocorrosion or photodegradation, and in a non-polar solvent, the dissolved 

concentration of both O2 and H2O can be low, resulting in stable QDs with strong PL 

intensity. The best way to keep the QDs stable is in a non-polar solvent (e.g., 

chloroform, hexane or toluene), under inert atmosphere (dry nitrogen or argon) 

and in the dark. Under these conditions they are stable for years. We have also 

demonstrated that the aggregation of QDs in chloroform solution is reversible 

when dried with air, because when dried QDs were re-dissolved in chloroform and 

subsequently photoactivated, the PL intensity recovered its original value. These 

observations seem to indicate that the ‘‘dry form’’ is another way to store QDs 

without any loss of stability. In contrast, although we have observed that cysteine- 

capped QDs could easily be re-dissolved in chloroform after the QDs were 

completely dried, the re-dissolved QDs did not exhibit identical optical absorption 

and emission spectra compared with those obtained originally in non-polar organic 

solvent. The fact that luminescence does not recover the same value when water 

soluble-QDs are dried and re-dissolved in organic solvent suggests that some of the 

adsorbates (such as water molecules) remain on the quantum dots and cannot be 

removed by drying. 

It is important to note the different effects of laser light on QDs. In contrast 

with the photoactivation process observed under UV or light irradiation, the 

illumination of QDs with high-intensity radiation, such as laser irradiation, leads to 

photochemical instability and photodecomposition of the QDs. This is due to the 



Capítulo 2 

 

 

238 

 

high intensity of the radiation accelerating the oxidation process.39,40,62,63,83 Ma et al. 

studied the instability of thiol-capped CdTe in aqueous solution upon laser 

irradiation and observed a decrease of the corresponding Raman bands of the Cd–S 

bond, indicating bond breaking and thiol detachment from the QD surfaces.83 
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III.2. SEPARACIÓN DE QDs  

Introducción 

Hay muchos retos que deben cumplirse para que los QDs puedan convertirse 

en herramientas importantes en diversas áreas de la nanotecnología. Entre estos 

retos, la caracterización óptima de los QDs es de primordial importancia.  

Los métodos comunes para caracterizar los QDs incluyen la absorbancia 

UV/Vis, la espectroscopia de fluorescencia, la microscopía electrónica de 

transmisión (TEM), la microscopía electrónica de barrido (SEM), la microscopía de 

fuerza atómica (AFM) y la dispersión dinámica de la luz (DLS). Cada una de estas 

técnicas tiene sus ventajas y limitaciones, pero es evidente la necesidad de técnicas 

que permitan de forma rápida y simple obtener conocimiento sobre las 

propiedades y características de los QDs, incluyendo información sobre la 

distribución de tamaños. En este sentido el uso de técnicas instrumentales de 

separación puede presentar claras ventajas. 

Dentro de las técnicas de separación, la electroforesis capilar (CE) se propone 

como una una herramienta muy eficaz tanto para la separación de QDs libres como 

para la purificación de QDs conjugados con biomoléculas. La principal ventaja que 

ofrece la CE es que posee un gran poder de resolución difícilmente igualado con 

otras técnicas de separación considerando el pequeño tamaño de los QDs. Hasta la 

fecha, los QDs han sido separados utilizando la cromatografía de exclusión por 

tamaño (SEC), la electroforesis capilar en gel (CGE) y la electroforesis capilar de 

zona (CZE). Aunque si se ha logrado la separación de QDs por CGE mediante la 
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adición de polímeros y otros aditivos al buffer electroforético, en ningún caso se ha 

llegado a la resolución alcanzada con la CZE.  

En el Capítulo 3 de este Bloque nos centramos en explotar el potencial de la CE 

para la separación de QDs de diferente tamaño. 

La relación carga/masa es el parámetro fundamental que determina la 

movilidad electroforética en CE, por lo que la movilidad puede ser correlacionado 

con el tamaño de los QDs. Sin embargo, a pesar del gran potencial y poder de 

resolución de la CE, una limitación importante es la fuerte tendencia a la 

agregación que presentan los QDs. Otro gran inconveniente es su insolubilidad en 

medios acuosos y disolventes orgánicos comunes. Por tanto, los pasos críticos para 

el desarrollo de métodos electroforéticos que permitan la separación de QDs son 

los que se resumen a continuación. Y estos son precisamente los principales puntos 

que se abordan en el trabajo recogido en el Capitulo 3. 

-Solubilización de los QDs en medio acuoso y formación de especies cargadas 

susceptibles de ser separadas mediante electroforesis. 

-Correcta solubilización/dispersión a fin de evitar la formación de agregados de 

QDs antes o durante la corrida electroforética. 

-Selección de las condiciones electroforéticas para conseguir un sistema 

reproducible tanto en área de pico como tiempo de migración. 
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This paper presents a simple and rapid methodology to separate and characterize 

free CdSe quantum dots (QDs) in aqueous medium by capillary electrophoresis 

(CE). First, we describe a controlled derivatization procedure to obtain water-

soluble QDs through noncovalent interactions. This derivatization methodology 

was based on the formation of a complex between the QDs and several types of 

surfactants to enhance the hydrophilicity and stability of the CdSe QDs. The 

surfactants used to achieve the surface functionalization were trioctylphosphine 

oxide/trioctylphosphine (TOPO/TOP) and sodium dodecyl sulfate (SDS). Different 

CdSe QDs core sizes were synthesized as function of the nanocrystals growing 

time and then subjected to controlled coating. These free QDs were separated by 

capillary zone electrophoresis (CZE) based on the differences in the charge-to-

mass ratio of the QDs−TOPO/TOP−SDS complexes, and the detection was carried 

out with UV−vis and laser-induced fluorescence (LIF) techniques obtaining 

detection limits 5 times lower with CE-LIF. Under the optimal working conditions, 
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four different-sized QDs were successfully separated whose average sizes were 

3.1, 3.6, 4.3, and 4.9 nm, and the size distribution was less than 7% for all of them 

[calculated from the full width at half-maximum (fwhm) of the fluorescence 

spectra and confirmed by high-resolution transmission electron microscopy 

(HTEM)]. Therefore, we were able to separate QDs that differ in only 0.5 nm in 

diameter and 19 nm in fluorescence emission maximum. This corresponds to the 

better resolution achieved in the analysis of these kinds of nanoparticles. Finally, 

a correlation between the migration times plus or minus peak width and the core 

sizes plus or minus size distribution was established. 
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INTRODUCTION 

Semiconductor nanocrystals, also known as quantum dots (QDs), are 

fluorescent nano-scale inorganic particles with typical diameters ranging from 1-10 

nm. Due to their quantum confinement, QDs show unique and fascinating optical 

properties that are advantageous in the fields of bioanalytical, biomedical and 

biophotonic research. Such optical properties include sharp and symmetrical 

emission spectra, broad excitation wavelengths, long fluorescence lifetimes, large 

Stokes shifts, high quantum yield (QY) and size-tunable emission wavelengths. 

Other advantageous properties include good chemical and photo-stability.1-3 

Conventionally, transmission electron microscopy (TEM) is used to measure 

the sizes of metal particles.4-6 TEM, however, is a time-consuming technique that 

does not include a separation process by which size-dependent properties can be 

deduced. In addition, it is difficult to infer an ensemble’s average properties, such 

as average diameter or shape, based on the limited regions typically examined by 

TEM. This statistical uncertainty arises partly because of human subjectivity when 

deciding which areas of the grid to image, as well as alteration of particles during 

sample preparation or by radiation damage. 

The use of separation techniques for the characterization of nanoparticles has 

the advantage of allowing particle size distributions to be measured simultaneously 

with the physical properties (e.g., absorbance, conductivity) of the particles. In 

addition, such an analysis can be performed using a small sample volume (e.g., 10 

nL for CE over a short analysis time (<30 min) to obtain the true, unbiased, 

ensemble average of the size and optical properties of the solution. High-

performance liquid chromatography (HPLC) and size-exclusion chromatography 
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(SEC) have been utilized and combined with TEM to successfully characterize 

nanometer-sized metal clusters.6-10 However, the reported resolutions of HPLC and 

SEC are estimated to be in the range 20–60 nm. These resolution values are not 

high enough for smaller nanoparticles like QDs.  

CE has been increasingly used as a means for the separation of inorganic 

nanoparticles (Ag, Au, TiO2, Al2O3, Fe2O3),11-19 polystyrene microspheres,20 latex 

particles 21 and QD-bioconjugates.22-25  To the best of our knowledge, the majority 

of the reports involving QDs and CE technique are focused on the CE purification 

and separation of covalently functionalized QDs (such as, QD-COOH and QD-NH2 

derivates) from their conjugated-QD with different biomolecules.22-25  

At the present time, some literatures on separation of free QDs by CE had 

been reported. Song et al. separated carboxylated CdTe QDs of 1.9 nm from 4.5 nm 

by capillary gel electrophoresis (CGE) using linear polyacrylamide (PAA) solution as 

sieving medium.26 Pereira et al. used capillary zone electrophoresis (CZE) to 

separate  QDs with a hydrodynamic diameter of 25 nm (lipid coated PEG CdSe/ZnS 

core/shell with alkyl–carboxylic acid functional groups attached) from QDs with a 

particle size of 4.5-5.5 nm (CdTe/CdS core/shell with sodium mercaptoproprionate 

ligands attached).27 Li et al. separated four different sized water-soluble CdSe/ZnS 

core–shell by capillary electrophoresis (CGE) using polymeric polyethylene glycol 

(PEG) additive as sieving medium and achieved the highest separation resolution 

heretofore by separating QDs that had a difference of maximum emission of 46 

nm.28 In general, these works are based on the separation of carboxylic-QDs 

derivates. The use of polymers and other additives to the background electrolyte 

allows the resolution of QDs with a difference in the maximum fluorescence 

emission of 46 nm. As alternative, we propose to solubilize the QDs by non-
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covalent interactions using surfactants. The proposed method in addition to a high 

reproducibility allows the separation of QDs which maximum fluorescence 

emission differs of only 19 nm.  

One of the main limitations of QDs analysis lies in the reproducibility of the 

organic layer surrounding the QD surface. This layer can affect to separation. QDs, 

such as CdSe, CdTe nanocrystals and their core/shell alloys, are mostly synthesized 

in organic phase using high boiling point solvents such as trioctylphosphine (TOP), 

trioctylphosphine oxide (TOPO) or a mixture of TOP and TOPO.29-34 Thus the surface 

of QDs is covered by a hydrophobic layer that is not reproducible from batch to 

batch synthesis, making difficult if not impossible their characterization by capillary 

electrophoresis. For this reason, the strategy most often followed is to replace the 

surface-capping molecules on nanoparticles using ligand exchange method. The 

most common exchange process to obtain water-soluble QDs (such as, QD-COOH 

and QD-NH2) frequently resulted in a significant decrease in quantum yield of 

QDs.35-38 Additionally, it has been found that these hydrophilic QDs were not stable 

enough in aqueous solution after ligand exchange.39-41   

Unlike these, the QDs functionalization proposed in this work is through non-

covalent interactions that improves the hydrophilicity and stability of QDs in 

aqueous solution. It is based on the formation of a water-soluble complex with 

TOPO/TOP ligands and SDS. In this way, we will have water-soluble and highly 

charged QDs which are expected to be very compatible and suitable with the 

capillary electrophoresis system for the QDs characterization. 

In this paper, we describe a simple, rapid and reliable method for the 

separation of CdSe QDs with different average core size. The proposed approach is 

based on a prior controlled solubilization of CdSe QDs to form a water-soluble 
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QDs−TOPO/TOP−SDS complex followed by their CZE separation. The migration time 

and the peak width have been correlated with the size and distribution of QDs. 

EXPERIMENTAL SECTION 

Reagents and Materials. All chemical reagents were of analytical grade and 

used as purchased with no additional purification. Cadmium oxide (99.99%), 

trioctylphosphine oxide (TOPO, 99%), trioctylphosphine (TOP, 90%), selenium 

(powder, 100 mesh, 99.99%), sodium dodecyl sulphate (SDS), anhydrous methanol 

and anhydrous chloroform were purchased from Sigma Aldrich (Madrid, Spain). 

Hexylphosphonic acid (HPA) was obtained from Alfa Aesar (Karlsruhe, Germany). 

Selenium stock solution was prepared by dissolving 0.0255 g of selenium powder in 

1.5 mL of TOP, to produce a 0.215 M stock solution of trioctylphosphine selenide 

(TOP-Se). 

Instrumentation. Absorption and fluorescence emission spectra were 

measured on a PTI QuantaMasterTM Spectrofluorometer (Photon Technology 

International) equipped with a 75 W xenon short arc lamp and the model 814 PTM 

detection system. FeliX32 software was used for fluorescence data collection and 

analysis which also controlled the whole instrument. The slits for excitation and 

emission widths were both 3 nm. All optical measurements were carried out in 1 

cm quartz cuvettes at room temperature under ambient conditions.  

Transmission electron microscopy (TEM) experiments were carried out with 

Jeol JEM 2010 high resolution electron microscope to obtain high-resolution 

images of individual QDs. Samples were prepared by placing one drop of a dilute 

solution of CdSe nanocrystals onto a copper TEM grid with a Carbowax forward. 
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CE separations were performed with a P/ACE MDQ Capillary Electrophoresis 

Equipment (Beckman Coulter, Fullerton, CA, USA) equipped with 32 Karat Software 

(version 8.0) for instrument control and data handling. Two different detectors 

were used, a Photodiode Array (PDA) operating at 210 nm and a Laser Induced 

Fluorescence (LIF) detector was also used with fluorescence excitation at 488 nm 

and emission at 520 nm. 

Synthesis of CdSe quantum dots. CdSe QDs were synthesized using the 

following procedure based on the previously described by Peng’s group29 with 

modification in growing temperature and time in order to achieve a better control 

in size nanocrystals. Briefly, 0.03 g of CdO (precursor), 0.11 g of HPA and 3.5 g of 

TOPO were loaded into a 100 mL glass three-neck flask. The mixture was heated to 

300-310 ºC under nitrogen atmosphere for 15 min to allow the complete 

dissolution of CdO in HPA and TOPO. After cooling the temperature of the solution 

down to 250 ºC, 1.2 mL of TOP-Se solution was swiftly injected. Nanocrystals were 

left to grow at 220 ˚C at different times (1 min, 3 min, 5 min and 15 min) depending 

on the desired size. After the growing time, the mixture was cooled quickly. The 

purification step was carried out purified by adding 10 mL of methanol to 10 mL of 

the QDs solution. The removal of the residual TOPO/TOP was done by precipitation 

with methanol and sonication (5 min) before ultracentrifugation (13.000 rpm). This 

process was repeated until the QDs were not soluble in chloroform and they were 

then washed twice more to ensure the total elimination of TOPO/TOP ligands from 

the synthesis process. They were characterized by fluorescence spectroscopy and 

TEM. After characterization, the residual TOPO/TOP molecules of the QD surface 

were totally eliminated by consecutive washing steps with methanol. Insoluble QDs 
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were stored in chloroform and dark were analysed following the procedure 

described below.  

Most of the reagents used during the synthesis of the different QDs are toxic. 

Protective clothing and gloves should be worn. Also eye/face protection should be 

used. No other special safety precautions are necessary if the reagents are used 

correctly. Particularly, cadmium oxide and TOPO are highly toxic reagents. Special 

care should be taken to avoid release of these reagents to the environment. These 

materials and the containers must be disposed as hazardous waste. 

Sample preparation: Formation of water-soluble QDs complexes. In order to 

propose a universal method, non-coated QDs were solubilised with surfactant. In 

the case of using commercial QDs, before to use the following procedure, it is 

necessary to remove the coating from their surface which depend on the synthetic 

procedure and can be different to TOP/TOPO. 

For solubilization, 2 mg of mixtures of non-coated QDs were solubilized by 

mixing them with 2 mL of a chloroform solution of TOPO/TOP 45 mM each. 

Afterwards, to form the covering with SDS molecules, 100 μL of the 

CdSe−TOPO/TOP solution were mixed with 0.5 mL of SDS aqueous solution (50 

mM) and sonicated for 15 min (50W, 60Hz) to evaporate the chloroform. Finally, 

the mixture was diluted with the SDS aqueous solution (50 mM) to achieve a final 

volume of 2 mL. The final concentrations of CdSe QDs, TOPO, TOP and SDS were 

0.05 mg·mL-1, 2.25 mM, 2.25 mM and 50 mM, respectively. This procedure was 

repeated with all sizes QDs. Water solubilized QDs−TOPO/TOP−SDS. QDs were 

stored in darkness at room temperature. 
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Electrophoretic conditions. The background electrolyte, 50 mM SDS aqueous 

solution, was adjusted to the desired pH by using 0.1M sodium hydroxide or 0.1M 

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 m i.d. 

with an effective length between inlet and detector of 50 cm (total length of 57 

cm). The temperature of the capillary cartridge was set to 20ºC and the applied 

voltage for the electrophoretic separation was 20 kV.  

Hydrodynamic sample injections were performed at 0.5 psi for 10 s. 

Autosampler was kept to 20ºC during analysis. Initially a new capillary was 

conditioned with 1 M HCl (5 min), 0.1 M NaOH (10 min), water (10 min) and 

running buffer (10 min). Each day, the capillary was equilibrated with the running 

buffer for 10 min. Between runs, the capillary was rinsed with water (3 min) and 

running buffer (3 min). 

RESULTS AND DISCUSSION 

Characterization of the QDs synthesized 

Fluorescence. High fluorescence water soluble QDs were obtained following 

the proposed derivatization process and the evolution of fluorescence spectra of 

each QDs sample as function of the growing time (1, 3, 5 and 15 min) in the 

synthesis were recorded. The fluorescence maximum values of different sized QDs 

were obtained at 522, 546, 572 and 591 nm for growing times of 1 min (S1), 3 min 

(S2), 5 min (S3) and 15 min (S4). The Figure 1 depicts the normalized fluorescence 

spectra for the four different QDs samples. 
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Figure 1. Normalized fluorescence spectra of four different QDs samples obtained 
for growing times of 1 (S1), 3 (S2), 5 (S3), and 15 min (S4). The maximum emission 
wavelengths are as follows: 522 (S1), 546 (S2), 572 (S3), and 591 nm (S4). Excitation 
wavelength was 400 nm. 

Calculation of average size and size distribution. We used the theoretical 

concept of the size dependence of the position of the photoluminescence (PL) 

emission maximum to obtain the average size of the QD. The average particle 

diameter of the different aliquots was calculated using the relation between 

diameter and emission wavelength.42 In Table 1 are summarized the maximum PL 

emission wavelength for each type of CdSe QDs synthesized and their 

corresponding average sizes. Other information extracted from the bandwidth of 

the emission peak, denoted as the full-width at half-maximum (fwhm), is the size 

distribution of the population of QDs. Narrower size distribution yield smaller 

fwhm. It has been reported that for CdSe, a 5 % size distribution corresponds to 

~30 nm fwhm.33,43-46  
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The fwhm values of the different synthesized CdSe QDs are also presented in 

Table 1 along with the particle size distribution. The QD size distribution in Table 1 

was calculated by assuming a linear dependence of FWHN on size distribution.47,48 

Table 1. Optical Features of the Different Synthesized CdSe QDs and Their 

Corresponding Estimations in Average Particle Size and Size Fluctuation. 

Sample 
Crystallization              

Timea (min) 
λem                 
(nm) 

Size              
(nm) 

fwhmb   
(nm) 

Size 
distributionc             

(%) 

 d                      
(nm) 

S1 1 522 3.1 35 5.8 0.180 

S2 3 546 3.6 33 5.5 0.198 

S3 5 572 4.3 37 6.1 0.262 

S4 15 591 4.9 38 6.3 0.309 

a Crystallization Time=(nucleation+growing), time from the injection of TOP-Se solution to the 
detention of the synthesis reaction by rapid cooling. 

b fwhm: Full-width at half-maximum of the fluorescence emission spectra. 

c Size distribution of the population of QDs calculated from the FWHM of the fluorescence 
emission spectra, assuming that 30 nm FWHM corresponds to ~5% size distribution. 

d σ: Standard deviation in size calculated from size fluctuation, σ/size=distribution. 

 

TEM. The sizes and distribution calculation were confirmed by HTEM images 

obtained for the different CdSe QDs synthesized. As an example the Figure 2 shows 

the images obtained for the smaller CdSe nanoparticles (3.1 nm  5.8%) and the 

larger ones (4.9 nm  6.3%). These images also confirmed that the synthesized QDs 

are spherical crystals with high crystallinity and apparent lattice planes can be 

distinguished. 
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Figure 2. HTEM images obtained for (A) the smaller CdSe nanoparticles             
(3.1 nm ± 6.3%) and (B) the larger ones (4.9 nm ± 6.0%). 

Formation of water-soluble CdSe−TOPO/TOP−SDS complexes 

Preliminary results pointed out that residual molecules of TOPO/TOP on the 

QD surface affected both the stability of SDS derivate and the CE migration time. In 

order to obtain reproducible results it is important to control the amount of 

TOPO/TOP present in the sample. The stability of QDs dispersed with SDS without 

TOPO/TOP was not enough to perform the CE analysis, on the other hand 

TOPO/TOP provide a high stability but the CE separation cannot performed on the 

basis of charge-to-mass ratio. Finally, a combined use of both types of surfactants 

was recommended. 

The concentration of TOPO/TOP solution used to form the controlled coating 

onto the QD surface was studied. For that, several concentrations ranging between 

0.5 and 5 mM were assayed and the changes on the fluorescence intensity of QDs-

TOPO/TOP in chloroform were recorded. In all cases the molar ratio TOPO/TOP was 

1 and the concentration of CdSe QDs was fixed to 0.05 mg·mL-1. This study was 

carried out using the larger CdSe QDs as they could need more amount of 

TOPO/TOP to achieve complete solubilization. Initially, concentrations lower than 
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1.75 mM were not enough to solubilize all of the QDs and the presence of 

aggregates was observed. From this value, the fluorescence intensity increased 

with increasing concentration of TOPO/TOP up to a value of 2.25 mM, after which 

the intensity remained constant. This stabilization in the fluorescence intensity was 

interpreted as the total coating of the QD surface, and thus, the TOPO/TOP 

concentration was set to 2.25 mM each. 

Afterwards, the concentration of SDS involved in the second step of the 

derivatization procedure was also evaluated. This variable was studied in the range 

of 5-80 mM. It was found that the minimum concentration of SDS to obtain a good 

dispersion in aqueous media was 20 mM. (for 0.05 mg·mL-1 QDs and 2.25 mM 

TOPO/TOP). Nevertheless, we selected a concentration of 50 mM SDS taking into 

account electrophoretic needs. 

The photoactivation and photostability of the prepared QDs−TOPO/TOP−SDS 

complex was also evaluated. For that, three independent aliquots of the larger 

CdSe QDs (sample S4) were subjected to the functionalization process following the 

procedure described in the “Sample Preparation: Formation of Water-Soluble QDs 

Complexes” section. They were exposed to the ambient light and the changes in 

fluorescence intensity with time were recorded. We observed a first activation step 

and after 3 days a decrease on the fluorescence, probably due to photodegradation 

and photooxidation processes. This decrease was stabilized and after 14 days the 

QDs−TOPO/TOP−SDS presented a stable fluorescence during 2 months. Figure 3 

shows the variation of the fluorescence intensity with time for the three 

independent preparations. 
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Figure 3. Evolution of fluorescence intensity with time of three independent 
CdSe−TOPO/TOP−SDS samples exposed to ambient light. This study was performed 
with the larger CdSe QDs (sample S4). Excitation wavelength was 400 nm. 

In light of the results in terms of solubility in organic solvents and aqueous 

media, we believe that the proposed derivatization procedure led to the formation 

of a micellar bilayer on the QD surface. The first layer would consist of TOPO/TOP 

surfactants that allow the solubilization of the CdSe QD in chloroform. And the SDS 

molecules would form the second layer resulting in a water soluble micellar 

complex. A schematic picture of the strategy followed for the bilayer coating on QD 

surface is shown in Scheme 1.  
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Scheme 1. Schematic Picture of the Strategy Followed for the 
Bilayer Coating on the QD Surface. 

 

Separation of QDs−TOPO/TOP−SDS by Capillary Zone Electrophoresis 

Electrophoretic separation of the functionalized water-soluble 

QDs−TOPO/TOP−SDS complexes was carried out by capillary zone electrophoresis 

(CZE). The mechanism of separation of the four complexes prepared from CdSe 

QDs of different core size was based on their differences in the charge-to-mass 

ratio. Under the experimental conditions, QDs−TOPO/TOP−SDS complexes are 

negatively charge as the surface of the covering is negatively charge. Despite the 

presence of surfactant, in our opinion separation is based on the separation of 

surfactant coated nanoparticles according to their mass to charge ratio. The 

electrokinetic separation of the neutral QDs−TOPO/TOP was discarded because the 
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concentration of SDS had an insignificant influence on separation after a 22 mM 

concentration. Response, which is not expected in EKC separations. Although 

separation corresponds to a CZE separation, it must be remark that this type of 

analysis differs from the separations of functionalized nanoparticles having a stable 

charge. In this case separation can be explained by the theory of charged spheres. 

Readers are referred to 49 for an excellent review article on this subject. However, 

in the case of this work, based on the separation of coated nanoparticles, it must 

be considered that changes in the organization of the surfactant can occurs when 

the system is submitted to the electrical field into the capillary. On the other hand, 

it has been described that stability and coating of the surfactant depend of a large 

number of parameters including nanoparticle dimension.50 In summary, it can be 

assumed that there is two main opposing effects. For QDs with larger core, the 

complex formed will be larger. But larger QDs will also be surrounded by a larger 

number of SDS molecules and therefore the total negative charge will also be 

higher. It is difficult to predict what effect is predominant, if more charge or more 

size. The experimental results showed that larger particles had greater 

electrophoretic mobility, as they have negative charge and appeared to higher 

migration times. This indicates that the QDs−TOPO/TOP−SDS complexes obtained 

from larger CdSe core size present greater charge/mass ratio and thus migrate last. 

The electrophoretic buffer was prepared with an amount of SDS 50 mM in 

order to avoid breaking the QDs−TOPO/TOP−SDS complex during the 

electrophoretic run.51 Moreover; it was found that the addition of TOPO/TOP to the 

buffer was not necessary. It was observed that the ionic strength was a very critical 

variable. Thus, as we already had enough reproducibility, it was decided to work 

without acid-base buffer. The working pH was fixed to 6.5. Figure 4 depicts the 



 Separación de QDs 

 

265 

 

electropherogram obtained for a mixture of the four different sizes of 

CdSe−TOPO/TOP−SDS. As can be seen, the mixture was completely separated with 

satisfactory resolution in less than six minutes. Table 2 summarizes the migration 

times and the electrophoretic mobilities calculated for each QD.  

 

Figure 4. Electropherogram for a mixture of the four different-sized 
QDs−TOPO/TOP−SDS complexes at a concentration of 0.025 mg·mL-1 for each. 

 

Table 2. Electrophoretic Characteristics of the Different CdSe−TOPO/TOP−SDS QDs. 

Sample 
QDs size              

 σ  (nm) 

Migration Time      

 FWa  (min) 
RSD Migration 

Time (%) 

Electrophoretic 
mobility x 104 

(cm2/V·s) 

S1 3.1 ± 0.180 3.60 ± 0.130 1.6 -3.60 ± 0.01 

S2 3.6 ± 0.198 4.31 ± 0.119 1.1 -4.31 ± 0.02 

S3 4.3 ± 0.262 4.63 ± 0.141 1.0 -4.63 ± 0.02 

S4 4.9 ± 0.309 4.92 ± 0.152 0.9 -4.92 ± 0.02 

a FW: electrophoretic peak width. 
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Under these conditions we evaluated the precision (% RSD) for the migration 

time (tm) and the peak area (n=5). Excellent RSD values were obtained for the 

migration time, varying from 0.9 to 1.6 %. Migration time of certain nanoparticles 

such as Au, varies as function of the concentration due to the characteristics of the 

surface covering.18 In our case, the % RSD values obtained at different 

concentrations between 0.05 mg·mL-1 and 0.015 mg·mL-1 were 0.3% (n=5) for all 

the QDs. The RSD values for peak area between 4.6 and 5.4 % were also 

satisfactory.   

In Figure 5 we represent the migration time of the different particles ( FW of 

the electrophoretic peak) versus their corresponding size ( σ corresponding to the 

size distribution). As can be seen, a good correlation between migration time and 

size was obtained. In addition, size distribution is correlated with the width of the 

electrophoretic peak. It has been possible to correlate data from electrophoretic 

migration with those of fluorescence and size of the free QD nanocrystals. 

Moreover, it can be concluded that CE analysis provided the same information than 

those obtained from the combined use of HTEM and fluorescence spectroscopy.  

Finally, we studied the possibility of the quantification of the 3.1 nm 

QDs−TOPO/TOP−SDS by using LIF detection (excitation 480 nm and emission 520 

nm). For this aim, a dispersion of QDs−TOPO/TOP−SDS complex (0.1 mg·mL-1) was 

prepared and different dilutions from 0.01 to 0.1 mg·mL-1 with the run buffer. A 

log-linear regression was found providing the following equation y=(-0,21±0.02) 

+(0.215±0.002)log x, R2 = 0.979, where y is the peak area and x the concentration of 

the QDs−TOPO/TOP−SDS complex. Therefore, the use of CE-LIF allowed a more 

sensitive quantification of functionalized QDs. The proposed procedure could 
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become an important tool to separate, characterize and quantify aqueous quantum 

dots.  

 

Figure 5. Graph representing the migration time of the different particles (±FW, the 
electrophoretic peak width) vs. the average size (±σ, the standard deviation in size) 
for the four different CdSe−TOPO/TOP−SDS complexes. 

CONCLUSION 

For first time, it have been developed a CE method which permits to obtain the 

same information than those obtained by the combination of HTEM and 

fluorescence spectroscopy techniques. The proposed method is characterized by its 

simplicity but also is the method which presents the highest resolution power 

described to date in the analysis of nanoparticles such as QDs. In fact, it has been 

demonstrated the effective separation of QDs that differ in only 0.5 nm in diameter 

and 19 nm in the wavelength of the fluorescence emission maximum.  In our 

opinion, CE analysis is a relevant and wonderful technique for the development of 

nanoscience and nanotechnology.  

The other important conclusion derived from the present work is the 

important rule that residual surfactant molecules can play in the analysis and use of 

QDs. 
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Introducción 

Dadas las novedosas e interesantes propiedades luminiscentes que presentan 

los QDs, no sorprende que este tipo de nanopartículas estén siendo estudiadas y 

utilizadas, cada vez con mayor profusión, en el diseño de nuevas metodologías 

analíticas (p.ej. desarrollo de (bio)sensores químicos). De hecho como se comento 

en la sección 3.2 de la introducción, el desarrollo de métodos (bio)químicos 

basados en la fotoluminiscencia de los QDs es una de las líneas de investigación 

más activas. 

El uso de QDs para el desarrollo de nuevas metodologías luminiscentes de 

análisis ha demostrado presentar notables ventajas (muy superiores a las que 

presentan los luminóforos orgánicos tradicionales). Entre otras, los QDs son muy 

fotoestables, tienen elevados rendimientos cuánticos de fluorescencia, es posible 

modificar la longitud de onda máxima de emisión luminiscente simplemente 

cambiando el tamaño de la nanopartícula y poseen espectros de absorción muy 

anchos combinados con unos espectros de emisión muy estrechos de picos 

simétricos.  Por todo ello, los QDs están siendo ampliamente utilizados como 

nuevos marcadores luminiscentes en el campo bioanalítico.  

Es importante destacar que el empleo de los QDs como marcadores 

luminiscentes no se limita a explotar su emisión fluorescente sin más. Son muy 

variadas las técnicas luminiscentes donde los QDs pueden ser aprovechados para 

desempeñar un papel importante, como por ejemplo la fotoluminiscencia 

(fluorescencia y fosforescencia), electroluminiscencia, quimioluminiscencia, etc., 

aunque hasta la fecha la fluorescencia ha sido la más estudiada. Existen además 
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distintos procesos de transferencia de energía ó de carga (electrones) en los que 

pueden participar los QDs, lo cual proporciona multitud de oportunidades a la hora 

de diseñar nuevas estrategias de análisis. 

En el presente Bloque nos proponemos ampliar las posibilidades de aplicación 

de los QDs explotando sus propiedades fotoluminiscentes. Debe indicarse que con 

objeto de proponer estrategias de análisis innovadoras, nos pusimos las siguientes 

premisas: 

– no utilizar anticuerpos ni material genético para llevar a cabo la 

modificación superficial del QD, por existir ya diversos grupos de investigación 

trabajando en esta línea. Para ello, hemos recurrido al diseño de nuevos procesos 

de funcionalización (tanto covalentes como no covalentes), que jugando con otros 

tipos de interacción/reconocimiento del analito de interés, aportaran la 

selectividad necesaria para el desarrollo de la metodología analítica.  

– no recurrir a iones pequeños, preferentemente inorgánicos, como analitos 

de interés a determinar, ya que el desarrollo de métodos de análisis basados en 

QDs para la detección de iones comenzó ya hace más de una década y es hoy día el 

campo de aplicación más estudiado, sobre todo si implica una interacción directa 

con el QD. Como alternativa, en esta tesis nos hemos centrado en el diseño de 

estrategias analíticas para la detección de moléculas orgánicas más complejas e 

incluso la detección de bacterias.  

A continuación se introducen brevemente los trabajos desarrollados en este 

campo y que se recogen en los cinco Capítulos que conforman este Bloque: 

 En el Capítulo 4 se propone la conjugación de los QDs con la 

nicotinadenindinucleótido en su forma oxidada (NAD+), y se estudia el empleo de 
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este complejo QD-NAD+ como cofactor de reacciones enzimáticas, en concreto para 

la determinación de etanol. 

 En el Capítulo 5 se lleva a cabo la síntesis de QDs quirales mediante la 

modificación superficial de los QDs con un compuesto quiral (L- ó D- cisteína). Estas 

sondas quirales se emplean para la resolución de mezclas racémicas gracias a que 

responden selectivamente a los diferentes enantiómeros L- ó D- carnitina. 

 La selectividad propia de las interacciones supramoleculares anfitrión-

huésped se aprovecha en el trabajo recogido en el Capítulo 6, con la formación de 

un complejo muy estable entre el calix[8]areno y los QDs. La selectiva interacción 

de ese tipo de calixareno con las moléculas de fullereno C60 permite el desarrollo 

de un nanosensor muy novedoso para la determinación de nanopartículas de 

fullereno en agua de rio.  

 En el Capítulo 7 se propone la derivatización de los QDs con moléculas de 

creatinina para usarlos como sondas de reconocimiento selectivo frente a 

compuestos nitroaromáticos, aprovechando la clásica reacción de Jaffé. Estos QDs 

modificados se emplean para el desarrollo de un método de análisis que permita la 

determinación del explosivo nitrotolueno (TNT) en muestras de suelo. 

 La detección de bacterias es el reto abordado en el Capítulo 8. Para ello los 

QDs se derivatizan con moléculas del antibiótico colistina, para explotar la 

interacción selectiva de este antibiótico con la pared de las bacterias gram-

negativas. Concretamente, con esta metodología se desarrolla un método analítico 

novedoso para la detección y cuantificación de E. Coli. 
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 Finalmente, en el Capítulo 9 se plantea la combinación de QDs con líquidos 

iónicos para su empleo en procesos de microextracción en gota como prometedora 

alternativa para la extracción y posterior detección fluorescente indirecta del 

analito de interés. Esta metodología se usa en el desarrollo de un método analítico 

para la determinación de trimetilamina en muestras de pescado como indicador de 

frescura y calidad del mismo. 
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A novel photoluminescence QD-NAD+/QD-NADH 

system for coupling redox enzymatic reactions. 
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A novel photoluminescence QD-NAD+/QD-NADH system  

for coupling redox enzymatic reactions 

C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel 

Department of Analytical Chemistry, University of Córdoba, E-14071 Córdoba, Spain. 

A novel photoluminescence QD-NAD+/QD-NADH system has been developed as 

alternative to the use of NAD+/NADH cofactor in enzymatic reactions. To that, 

highly luminescent quantum dots (ZnS-capped CdSe) have been covalently couple 

to NAD+ with the cross-linking approach based on 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride condensation. The potential of 

using QD-NAD+/QD-NADH system has been investigated with the alcohol 

dehydrogenase (ADH) enzyme using ethanol as analyte. With the enzymatic 

oxidation of ethanol, the QD-NAD+ conjugate are reduced to QD-NADH which 

exhibits a strong fluorescence emission at 453 nm under 345 nm light excitation. 

In comparison with the use of the conventional NAD+/NADH cofactor, the new 

system improves the fluorescence efficiency thanks to the presence QDs. Under 

optimized conditions, the determination of ethanol is enhanced by a sensitivity 

factor of 4 times compared with the use of the free NAD+. The proposed method 

has been applied to bear samples allowing a detection limit of 0.45 µg ml-1 with a 

precision lower than 3%. 
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INTRODUCTION 

Biomaterials such as enzymes, antibodies or nucleic acid and metallic or 

semiconductor nanoparticles exhibit similar dimensions. The combination of these 

two kinds of materials yields hybrid system of new functionalities 1. 

In this field, semiconductor nanoparticles coupled to biomolecular units 

represent an original route for the generation of novel photoluminescence and 

photoelectrochemical systems: redox enzyme can indeed be considered as 

bioactive matrices of relevant importance for tailoring bioelectronics devices and 

biosensors 2-8. 

Quantum dots (QDs) are semiconductor nanocrystals which have been coupled 

to biomolecules 9-27, such as transferrin 13, immunoglobulin G (IgG) 13, streptavidin 

14, 15, antibodies 16,17, avidin 18, proteins 19, 20, recombinant protein 21, nucleic acids 22, 

23, serotonin 24 , adenine 25, aptamers 26 and enzyme 27. These conjugates are 

luminescent probes that bind with specificity and sensitivity to a variety of targets 

(IgG, antigens, glycoproteins, nucleic acid sequences, and receptors). Unlike 

traditional fluorophore fluorescence, luminescent QDs have high photostability, 

high emission quantum yield, broad continuous excitation, narrow and symmetric 

emission peaks and size-dependent wavelength tenability 28- 31. These properties 

make QD very attractive luminescent labels for biological applications 32, 33. 

In the field of enzymatic studies, Mattoussi and co-workers developed a 

modular peptide structure that allowed the attachment of dye-labeled substrates 

for proteases to the surface of luminescent QDs, These assays provided 

quantitative data including enzymatic velocity, Michaelis-Menten kinetic 

parameters and mechanism of enzymatic inhibition 34. Recently, Rosenzweig and 
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co-workers have developed a QD FRET-based enzymatic activity probes for testing 

the activity of the enzyme trypsin 35. 

The goal of this research is to conjugate QDs with the nucleotidic cofactor 

NAD+, obtaining a biomolecular nanoconjugate which offer substantial advantages 

over using the conventional NAD+/NADH system. The method employed for 

conjugating QDs with NAD+ was covalent cross-linking approach based on 1-ethyl-

3-(3-dimethylaminopropyl)carbodiimide hydrochloride condensation. 

The selectivity and peculiar properties of inorganic nanocrystaline moiety 

should allow overcome the problems mainly due to the poor electrochemical 

performances of the NAD+/NADH couple, which exhibits kinetically unfavored 

processes of oxidation and reduction. 

The aim of this work is the design of a biological-inorganic hybrid cofactor able 

to participate in an enzymatic reaction. As target enzymatic reaction, the oxidation 

of ethanol by alcohol deshydrogenase was selected. 

EXPERIMENTAL 

Reagents 

All chemical reagents were of analytical grade and used as purchased with no 

additional purification.  Cadmium oxide (99.99%), trioctylphosphine oxide (TOPO, 

99%), trioctylphosphine (TOP, 90%), selenium (powder, 100 mesh, 99.99%), 

diethylzinc solution (ZnEt2, 1M in hexane), bis(trimethylsilyl) sulphide ((TMS)2S), 2-

mercaptoacetic acid 97% (MAA), β-Nicotinamide adenine dinucleotide (NAD+), N-

Hydroxysulfosuccinimide sodium salt (NHS), 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride (EDC), alcohol deshydrogenase (ADH), anhydrous 
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methanol and anhydrous chloroform were purchased from Sigma Aldrich (Madrid, 

Spain). Hexylphosphonic acid (HPA) was obtained from Alfa Aesar (Karlsruhe, 

Germany).  

Enzyme solution (1 mg/mL) was prepared by dissolving the lyophilized ADH in 

citrated and phosphate buffer (pH=8.5, 0.01M). 

Synthesis of ZnS-capped CdSe QDs  

Core-shell quantum dots (ZnS-capped CdSe) were synthesized using CdO as 

precursor via the procedure described by Peng’s group36, although some slight 

modifications were made here. Briefly, 0.03 g of CdO, 0.11 g of HPA and 3.5 g of 

TOPO were loaded into a 100ml glass two-neck flask. The mixture was heated to 

300–310 ºC under nitrogen flow for 15 min to allow the complete dissolution of 

CdO in HPA and TOPO. After cooling the temperature of the solution down to 270 

ºC, 1.2 ml of selenium stock solution was swiftly injected. The selenium stock 

solution was prepared by dissolving 0.0255 g of selenium powder in 1.5 ml of TOP, 

to produce a 0.215 M stock solution of trioctylphosphine selenide (TOPSe). 

Nanocrystals were left to grow for about 20 min at 250 ºC. Subsequently, the 

Zn/S/TOP stock solution (1.75 mL ZnEt2, and 0.26 mL (TMS)2S in 10.25 mL TOP) was 

added dropwise to the mixture under vigorous stirring. The mixture was then 

cooled to 90 ºC and stirred for several hours. After cooling the solution down to 

room temperature, the QDs solution was transferred to a glass vial and diluted with 

10 mL of chloroform anhydrous. Then, the synthesized QDs were purified by adding 

10ml of methanol to 10ml of the QDs solution, QDs were precipitated, collected by 

ultracentrifugation (at 13,000 rpm) and washed with methanol several times. The 
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purified QD nanocrystals were then dispersed in 10 ml of anhydrous chloroform 

and stored in the darkness. 

Preparation of QD-NAD+ coupling 

Mercaptoacetic acid-capped QDs were prepared according to the procedure 

developed by Chan and Nie.11 The coupling of the purified QD-COOH to the β-

Nicotinamide adenine dinucleotide (NAD+) was performed using the cross-linking 

reagent 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC) and 

N-Hydroxysulfosuccinimide sodium salt (NHS). 

The colloidal ZnS/CdSe dissolved in chloroform were reacted with glacial 

mercaptoacetic acid (1.0 M) for 2 hours. An aqueous phosphate-buffered saline 

solution (PBS, pH 8.5) was added to this reaction mixture at a 1:1 volume ratio and 

two immiscible liquid phases were formed after vigorous shaking. The aqueous 

phase which contained mercapto-coated QDs was extracted and the excess 

mercaptoacetic acid was removed by repeated ultracentrifugation (13.000 r.p.m.). 

10 mL of QD-COOH in aqueous solution (2.5 mg/mL) was added to 5 mg of 

EDC, 2 mg of NHS and 3 mg of NAD+. The pH of the solution was adjusted at 4.8 and 

this was left to react overnight at room temperature with continuous stirring. 

Finally, the QD- NAD+ conjugates were centrifuged, redispersed in PBS (pH 8.5) and 

stored in darkness at room temperature. 

Enzymatic reaction and sample analysis 

1 mL of QD-NAD+ solution (in PBS at pH=8.5) were placed in a quartz cuvette (1 

cm) and 5 µL of enzyme solution was added. One minute later, 10 µL of substrate 

solution was added to the above mixture with shaking. After ten minutes, sample 
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was excited at 345 nm and the maximum fluorescence emission was detected at 

453 nm.  

Beer samples were analyzed directly after a dilution with Milli-Q water. 

Apparatus 

Absorption and fluorescence emission spectra were measured on a PTI 

QuantaMasterTM Spectrofluorometer (Photon Technology International) equipped 

with a 75 W xenon short arc lamp and the model 814 PTM detection system. 

FeliX32 software was used for fluorescence data collection and analysis and also 

controlled the whole instrument. The slits for excitation and emission widths were 

both 5 nm. All optical measurements were carried out in 1 cm quartz cuvettes at 

room temperature under ambient conditions. Excitation wavelength was fixed at 

345 nm. For the analytical measurements, the maximum emission wavelength was 

453 nm. 

Safety considerations  

Most of the reagents used during the synthesis of the different QDs are toxic. 

Protective clothing and gloves should be worn. Also eye/face protection should be 

used. No other special safety precautions are necessary if the reagents are used 

correctly. Particularly, cadmium oxide and TOPO are very toxic reagents. Care 

should be taken to avoid release of these reagents to the environment. These 

materials and the containers must be disposed as hazardous waste. 
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RESULTS AND DISCUSSION 

A schematic drawing is given in Fig. 1. As can be seen, after the synthesis of the 

QD-NAD+ conjugate, they are converted to QD-NADH in the enzymatic reaction 

which is monitored by fluorescence. For the synthesis of the QD-NAD+ conjugate, 

the TOPO-capped QDs obtained in the synthesis were modified in order to obtain 

the mercaptoacetic acid-capped QDs, which have free carboxylic groups on the 

surface available to reactive with amine groups, in this case the amine group NAD+. 

This reaction was performed in the presence of EDC and NHS as catalyst to form 

the QD-NAD+ conjugate. The characteristics of this conjugate are described below.  

 

Figure 1. Schematic drawing of the synthesis of the QD-NAD+ conjugate and their 
conversion to QD-NADH after enzymatic reaction. 

Spectral features (characteristics) of the QD-NAD+/QD-NADH system 

First of all, it must be indicated that, for this study, QD-NADH and NADH were 

obtained after the enzymatic reaction with a large excess of ethanol and after a 

long period of time to assure complete reaction. Fig. 2 shows the absorption and 

luminescence emission spectra of the QD-NADH conjugate in aqueous medium 

(PBS at pH=8.5). As can be seen, the conjugate shows a maximum of the excitation 
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band at 345 nm and a strong fluorescence emission at 453 nm. In this paper, the 

excitation wavelength at 345 nm and the emission peak at 453 nm were used for 

the fluorescence measurements. In the same Figure is shown the spectrums of 

unconjugated NADH. The obtained data point out that the combination of NADH 

with QD improves the FL efficiency. In fact, the FL intensity increased by 4-fold 

times. It is important to remark that, the previous exposure of the QD-NAD+ 

solutions to sun light affects noticeably the final fluorescence emission of QD-

NADH formed after the enzymatic reaction. It is, the photoactivation of the QDs 

critically affect to the final fluorescence of the QD-NADH conjugate. The study of 

the effect of the activation time demonstrates that 2 hours of exposition were 

enough to achieve the maximum sensitivity.  

 

Figure 2. Comparison of the spectral characteristics of unconjugated NADH and 
QD-NADH conjugate in aqueous medium (PBS at pH=8.5). A) Excitation spectra and 
B) Fluorescence emission spectra (λex=345 nm) of unconjugated NADH (black) and 
QD-NADH conjugate (red).  
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Enzymatic response of the QD-NAD+/QD-NADH system 

As it was indicated before, the oxidation of ethanol by NAD+ catalysed by the 

alcohol deshydrogenase was selected as model to study the behaviour of QD-NAD+. 

The first variable studied was the pH. Concretely, it was study the effect of the pH 

on the fluorescence of QD-NADH as well as the effect on the enzymatic reaction.  In 

this way, it is known that QDs are pH sensitive,8, 37-39 so it is important to evaluate 

the effect of pH on FL intensity of QD-NADH conjugate. The effect of pH was 

studied within the interval 7 and 10, using diluted NaOH or HCl to achieve the 

desired pHs. The results obtained from this study showed that the FL intensity of 

QD-NADH was maximum at pH 8.5 (Fig. 3A). However, the enzymatic reaction is 

also affected by the pH, and therefore, it was necessary to optimize the pH of QD-

NAD+ solution in order to obtain the maximum analytical signal for the indirect 

determination of ethanol. For this purpose, QD-NAD+ solutions were incubated 

with ethanol and the enzyme in PBS at various pH (between 7-10) during 5 min. 

After the enzymatic reaction, the QD-NADH was monitored at 453 nm. The highest 

FL intensity was achieved at pH 8.2 (see Fig. 3B).  

At this pH, it was studied the effect of the QD-NAD+ concentrations on 

fluorescence emission intensity of QD-NADH obtained for an ethanol concentration 

constant. Results are shown in Fig. 4. As can be seen, when increasing QD-NAD+ 

concentrations, the QD-NADH conjugate increased, resulting in increased 

fluorescence intensity. When the concentrations of QD-NAD+ were higher than 0.8 

mg·ml-1, the fluorescence decreased. So, in the following experiment, a QD-NAD+ 

concentration of 0.8 mg·ml-1 was chosen. 
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Figure 3. A) Effect of pH on FL intensity of QD-NADH conjugate and B) Effect of pH 
on the enzymatic reaction. 

 

 

Figure 4. Effect of the QD-NAD+ concentrations on fluorescence emission intensity 
of QD-NADH obtained after the enzymatic reaction. 
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The kinetic of the reaction is also an important aspect to be studied. Changes 

in the NAD+ cofactor due to its combination with the QD can alter the interaction 

with the enzyme and hence can affect to the kinetic. 

Fig. 5 shows the kinetics of the enzymatic reaction using as cofactor the QD-

NAD+ and the NAD+ cofactors. As can be seen, for the NAD+ cofactor the reaction 

was completed in 3 min. However, when the QD-NAD+ conjugate was used, the 

velocity of the reaction was lower being necessary 10 min in order to complete the 

reaction and obtain a constant signal. Therefore, a reaction time of 10 min was 

recommended for analysis. 

 

Figure 5. Comparison of the kinetics of the enzymatic reaction using as cofactor the 
QD-NAD+ conjugate (red) or the NAD+ free (black). 

Analytical features of the QD-NAD+/QD-NADH system 

Table 1 summarises the analytical feature of the calibration graph obtained 

using the NAD+/NADH cofactor and the conjugated QD-NAD+/QD-NADH. The 

detection limit was calculated following the 3σ IUPAC criteria. The precision of the 

method expressed as relative standard deviation was determined in terms of 

repeatability (n=5) at concentration level of ethanol of 0.782 µg·ml-1. 
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The results show a sensitivity enhancement achieved with the use of the QD-

NAD+ conjugate. Under optimized conditions, the sensitivity (expressed as 

sensitivity of the calibration graph) of the determination of ethanol with the QD-

NAD+ conjugate was 4 times higher than the sensitivity obtained with the NAD+ 

cofactor. This sensitivity enhancement was attributed to the higher fluorescence of 

the NADH when it is combined with the QD, the recorded analytical signal did not 

correspond to the fluorescence peak of QD. 

The reproducibility of the proposed system was also investigated. For this, the 

couple QD-NAD+ was synthesized three times (in different days) and measurements 

of 0.782 µg·ml-1 ethanol were carried out using QD-NAD+ solutions synthesized 

independently, obtaining a RSD of 5%. 

The QD-NAD+ conjugate showed good storage stability. 94% of the original PL 

intensity could be retained after 20-day storage in pH 8.5 PBS at 4 ºC. 

Table 1. Figures of merit of the proposed method using the QD-NAD+/QD-NADH 
system compared with those analytical characteristics obtained using the 
unconjugate NAD+/NADH system. 

  Cofactor System 
used 

Calibration equation 
Linear 
range 

(µg·ml-1) 

Detection 
limit 

(µg·ml-1) 
R2 

RSD* 

(%) 

QD-NAD
+
/QD-NADH ΔF = 41403 + 50439 C 1.5 - 13  0.45 0.9948 1.4 

NAD
+
/NADH ΔF = 8597 + 13060 C 6 - 20 1.84 0.9931 2.4 

C: Concentration of ethanol in mg·ml-1 

RSD*: in terms of repeatability (n=5) at concentration level of 0.782 µg·ml-1 
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Application to ethanol determination in beer 

To evaluate the usefulness of the synthesized QD-NAD+ conjugate, it was used 

to determine ethanol in beer. Samples were first diluted 100 times with Milli-Q 

water. For the recovery test, samples were spiked with 80 µg ml-1 of pure ethanol.  

The natural and spiked samples were analyzed using the proposed method 

based on the QD-NAD+/QD-NADH conjugate and using the NAD+/NADH cofactor. 

Table 2 summarizes the results obtained with both methods for the fluorescence 

determination of ethanol in beer samples. As can be seen, results were satisfactory 

and comparables. 

Table 2. Results obtained for the determination of ethanol in beer samples with 
both methods: A) using the QD-NAD+ conjugate and B) the unconjugate NAD+. 

Sample 

Concentration found ± SD                     
(mg·ml-1) Real concentration 

(mg·ml-1) 
Method A Method B 

diluted sample  0.376 ± 0.008 0.38 ± 0.01 0.384 

spiked sample 0.78 ± 0.01 0.782 ± 0.009 0.779 

 

CONCLUSION 

It has been demonstrated the possibility to combine QD with the NAD+ 

cofactor, obtaining a new system which is also able to participate in enzymatic 

reactions. The system in addition to preserve its bioactivity presented improved 

fluorescence properties.  
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Selective Quantification of Carnitine Enantiomers Using  

Chiral Cysteine-Capped CdSe(ZnS) Quantum Dots 

C. Carrillo-Carrión, S. Cárdenas, B. M. Simonet, M. Valcárcel 

Department of Analytical Chemistry, Marie Curie Building, 

Campus of Rabanales, University of Córdoba, E-14071 Córdoba, Spain. 

We report the first observation of selective and specific recognition of chiral             

L-cysteine (L-Cys)- or D-cysteine (D-Cys)-capped CdSe(ZnS) quantum dots (QDs) 

with carnitine enantiomers in aqueous solution. The intensity fluorescence of             

L-Cys-capped QDs decay in the presence of D-carnitine but are not affected by               

L-carnitine. On the other hand, the fluorescence of D-Cys capped QDs was only 

affected by L-carnitine. The applicability of chiral Cys-capped QDs for the analysis 

of chiral mixtures on enantiomers has been demonstrated for 1:100 mixtures, and 

the results that were obtained had high precision (<2.3 %) and low error (<2.7 %). 

 



 

 

 

 

 

 

 



Luminiscencia de QDs 

 

 

303 

 

INTRODUCTION 

Recently, semiconductor quantum dots (QDs) have emerged as fluorophores, 

because of their high quantum efficiencies, narrow emission peaks, size-dependent 

wavelength tunability, and excellent chemical stability.1-5 These properties have 

created many nanotechnological applications, including biological and chemical 

sensing.4-9 However, the development of chiral QDs for chiral analysis has been 

scarcely applied, despite its importance in biology and toxicology. 

To facilitate applications in aqueous systems, various ligand exchange methods 

have been developed recently to form stable water-soluble QDs.10-12 Most of those 

are based on the bond of ligands to the surface of QDs through thiol groups.12-14 

One example is cysteine-capped QDs, the fluorescence of which has been 

demonstrated to be affected by the presence of metal cations and proteins.15,16 In 

this work chiral, cysteine-capped CdSe(ZnS) QDs has been synthesized, using L- or 

D-cysteine. 

Cysteine-capped QDs have been previously synthesized directly from aqueous 

solution.17 Recently, cysteine-capped CdSe(ZnCdS) QDs have been synthesized by 

transferring the QDs from an organic phase to an aqueous phase of cysteine in 

phosphate buffered saline solution.18 This procedure resulted in stable QDs for 

only 24 h due to the oxidation of cysteine to cystine. Through the introduction of 

sodium borohydride, the stability was increased to a week.18 

Chiral QDs have been scarcely synthesized and studied in the literature. One 

example is D- or L-penicillamine-capped QDs.19 However, to date, the selective 

interaction of chiral QDs with enantiomers has not been described.  
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Therefore, we also performed experiments to test the selectivity of the interaction 

of carnitine enantiomers with the chiral QDs. 

EXPERIMENTAL SECTION 

Materials 

All chemical reagents were of analytical grade and used as purchased, with no 

additional purification. Cadmium oxide (99.99%), trioctylphosphine oxide (TOPO, 

99%), trioctylphosphine (TOP, 90%), selenium (powder, 100 mesh, 99.99%), 

diethylzinc solution (ZnEt2, ~1 M in hexane), bis(trimethylsilyl) sulfide ((TMS)2S), L-

cysteine (L-Cys, 99.5%), D-cysteine (D-Cys, 99%), anhydrous methanol, and 

anhydrous chloroform were purchased from Sigma-Aldrich (Madrid, Spain). 

Hexylphosphonic acid (HPA) was obtained from Alfa Aesar (Karlsruhe, Germany). 

Equipment  

Absorption and fluorescence emission spectra were measured on a PTI 

QuantaMaster spectrofluorometer (Photon Technology International) that was 

equipped with a 75-W xenon short arc lamp and a Model 814 P detection system. 

FeliX32 software was used for fluorescence data collection and analysis and also 

controlled the entire instrument. The slits for excitation and emission widths were 

both 5 nm. All optical measurements were performed in 1-cm quartz cuvettes at 

room temperature under ambient conditions. 

CdSe(ZnS) Synthesis  

CdSe QDs were synthesized, using CdO as a precursor, via the procedure 

described by Peng’s group.20 CdSe QDs were overcoated with ZnS, using diethylzinc 

and hexamethyldisilathiane as zinc and sulfur sources, respectively.21 Briefly, 0.03 g 



Luminiscencia de QDs 

 

 

305 

 

of CdO, 0.11 g of HPA, and 3.5 g of TOPO were loaded into a 100-mL glass three-

neck flask. The mixture was heated to 300-310 ºC under nitrogen atmosphere for 

15 min, to allow the complete dissolution of CdO in HPA and TOPO. After cooling 

the temperature of the solution down to 270 ºC, 1.2 mL of selenium stock solution 

was swiftly injected. The selenium stock solution was prepared by dissolving 0.0255 

g of selenium powder in 1.5 mL of TOP, to produce a 0.215 M stock solution of 

trioctylphosphine selenide (TOPSe). Nanocrystals were left to grow for ~20 min at 

250 ºC. Subsequently, 1.5 mL of the Zn/S/TOP stock solution (1.75 mL of ZnEt2, and 

0.26 mL of (TMS)2S in 10.25 mL of TOP) was added dropwise to the mixture under 

vigorous stirring. The mixture was then cooled to 90 ºC and stirred for several 

hours. After cooling the solution down to room temperature, the QDs solution was 

transferred to a glass vial and diluted with 10 mL of chloroform anhydrous. The 

synthesized QDs then were purified by adding 10 mL of methanol to 10 mL of the 

QD solution; QDs were precipitated, collected by ultracentrifugation (at 13.000 

rpm), and washed with methanol several times. The purified QD nanocrystals were 

then dispersed in 10 mL of anhydrous chloroform and stored in darkness. 

Preparation of Water-Solubilized Chiral Cysteine-Capped CdSe(ZnS) Nanocrystals  

Highly water-soluble chiral cysteine-capped CdSe(ZnS) QDs were prepared as 

follows. A quantity of 0.5 mL of CdSe(ZnS) in chloroform solution (1 mg/mL) was 

transferred into a 20-mL glass vial and the chloroform was evaporated with 

nitrogen. Therefore, the dried QDs (~0.5 mg) were redispersed in 10 mL of D-

cysteine or L-cysteine solution (1.65 mM, pH 8). This suspension was sonicated (15 

min in the ultrasonic bath; 50 W, 60 Hz) to disperse the cysteine-CdSe(ZnS). The 

cysteine molecules were bound to the surface of the CdSe(ZnS) quantum dots 
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through the thiol group, replacing the TOP/TOPO capping group created during 

synthesis. 

It is known that the stability and photoactivation of QDs are strongly 

dependent on their specific surface funtionalization. Thus, we are interested in 

evaluating both effects on the fluorescence intensity of the cysteine-capped 

CdSe(ZnS) nanocrystals that have been prepared. For this purpose, and to 

understand the photoactivation mechanism, different atmospheric conditions 

(under an inert nitrogen atmosphere or in the presence of oxygen, and in light or 

darkness) were evaluated. The solution of cysteine-capped CdSe(ZnS) was also 

forced to undergo a rephotoactivation process after storage in darkness, to 

evaluate the reversibility of the photoactivation process. 

RESULTS AND DISCUSSION 

Our experiments show that each chiral L-Cys- and D-Cys-capped QD selectively 

interacts with one isomer of the amino acid carnitine and quenches its 

fluorescence. Figure 1 depicts the emission spectra of the chiral cysteine-capped 

CdSe(ZnS) QDs in the presence and absence of carnitine enantiomers. As can be 

seen, upon adding D-carnitine, a dramatic diminution of the fluorescence of L-Cys-

capped QDs was observed. In contrast, the fluorescence of D-Cys-capped QDs was 

not affected by the addition of D-carnitine. As expected, the enantiomer L-carnitine 

selectively quenches the fluorescence of D-Cys-capped QDs but not the 

fluorescence of L-Cys-capped QDs. 

It is important to remark that the fluorescence intensity of cysteine-capped 

CdSe(ZnS) is a function of the photoactivation time. The evolution of fluorescence 

intensity with the photoactivation time is depicted in Figure 2A. Figure 2B 
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compares the fluorescence of fresh QDs and deactivated QDs after 2 h of 

photoactivation. The decay of fluorescence intensity is shown in Figure 2C. 

 

Figure 1. Emission spectra of L-cysteine (L-Cys)-capped CdSe(ZnS) and                        
D-cysteine (D-Cys)-capped CdSe(ZnS) QDs in the presence and absence of                  
D-carnitine or L-carnitine enantiomers.  

 

Photoactivation removes atoms preferentially, but not exclusively, from 

surface defects. When dissolved oxygen was removed from the solution by 

bubbling N2 for 30 min, the fluorescence emission decreased dramatically, which 

corroborates previous results. On the other hand, the bubbling of O2 during 

photoactivation resulted in an uncolorless solution and a loss of fluorescence. 

Although the presence of oxygen was essential for photoactivation (in fact, it is one 

of the coreactants that participates in the photoactivation reaction), a high 

concentration of oxygen gas (O2) produced a negative effect, which was attributed 

to the oxidation of cysteine to cystine and a massive oxidation of the QDs surface. 
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The fluorescence of photoactivated chiral cysteine-capped QDs decreased with 

time, with the fluorescence intensity becoming negligible after ~2 days. However, 

the dispersion was stable for at least one month when stored in darkness at room 

temperature. A simple rephotoactivation with light was sufficient to recuperate the 

fluorescence intensity. The photoactivation time that was required to obtain a 

preselected fluorescence intensity was clearly higher for fresh dispersions. 

 

Figure 2. (A) Effect of photoactivation time of the fluorescence intensity of L-
Cys-capped CdSe(ZnS). (B) Comparison of photoactivation in fresh and 
deactivated QDs. (C) Decay in fluorescence intensity with time at temperatures 
of 4 and 20 ºC.  

The chiral selectivity is attributed to favorable chemical interactions that each 

type of chiral cysteine-capped CdSe(ZnS) nanoparticle forms with only one of two 

enantiomers of carnitine. The obtained enantioselective interaction reveals spatial 
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distribution of the enantiomers on the QD surface at the molecular level. In the 

same way that the chiral cysteine-gold surface was determined to present two 

distinct adsorption geometries for D- and L-cysteine on the surface, it is expected 

that D- and L-cysteine are bound to the surface of CdSe(ZnS) QDs with different 

special geometries. 

However, not much molecular-level information is known about the 

mechanism that explains the enantioselective recognition of carnitine enantiomers 

by these chiral QDs. Our data were interpreted in terms of a “preferential 

interaction” model between a D-carnitine enantiomer with a chiral L-Cys-capped 

QD surface and vice versa. This observation is consistent with the work of previous 

researchers, who demonstrated that the homochiral interaction between amino 

acids is usually weaker than heterochiral interactions.22 

Based on our results, we have proposed a possible interaction between 

carnitine and cysteine capping of QDs at the atomic-level surface structure, 

although carnitine is interacting with cysteine through the carboxylic, amino, and 

hydroxyl groups through electrostatic interactions and hydrogen bonding, as 

illustrated in Figure 3. That clear molecular-level illustration is consistent with the 

well-known three-point contact model for chiral recognition in a simple 

bimolecular system.23 

 
Figure 3. Proposed interaction of D-carnitine with L-cysteine. 
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The following step explains why the selective interaction leads to a dramatic 

diminution of fluorescence. One often-used strategy for the development of QD 

nanosensors is based on fluorescence resonance energy transfer (FRET), with the 

QDs serving as the FRET donor.24-26 However, this mechanism was discarded based 

on the carnitine absorption spectrum. Another possible mechanism is the 

formation of QD aggregates, because QD fluorescence is highly dependent on their 

aggregation. The precipitation of QDs was discarded by observation. The possible 

aggregation of QDs due to the addition of carnitine then was studied by 

nephelometry. The results demonstrated the maintenance of colloidal stability.  

Because the diminution of fluorescence was produced without changes in the 

wavenumber, the diminution of fluorescence was attributed to a reorganization of 

cysteine molecules on the QD surface. To this end, Zhu and co-workers26 proposed 

that cysteine is bound to the QD surface through the thiol and carboxyl groups. 

We demonstrated that the carboxyl groups of cysteine are important with 

regard to participation in the selective interaction with the carnitine enantiomer. 

Therefore, when cysteine is interacting with carnitine, the bond between the 

carboxyl group of cysteine and the QD surface is broken. This modification on the 

QD surface results in a dramatic diminuition of its fluorescence. 

Chiral cysteine-capped QDs allow the determination of 0.05 mM of one 

carnitine enantiomer in the presence of a concentration 100 times higher than that 

of the other enantiomer (5 mM). The analytical features used to determine the 

carnitine enantiomers, as well as the results of the analysis of synthetic mixtures of 

carnitine enantiomers, are presented in the supporting information. The high 

selectivity of the interaction resulted in high precision (<2.3 %) and low error (<2.7 

%). 
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In this work, chiral QDs have been synthesized, and they have been used for 

the selective recognition of carnitine enantiomers. We believe that this strategy 

could be used in important applications because certain proteins and drugs only 

show activity to one enantiomer. For example, L-carnitine is highly therapeutically 

effective and, therefore, is used for various nutritional and pharmaceutical 

applications. In contrast, D-carnitine displays serious side effects, and, hence, its 

content must be precisely determined and limited in pharmaceutical and 

nutritional formulations. The described fluorescence sensor could be an ideal tool 

to monitor the presence of D-carnitine in many food formulations. 

Analytical Features of L- and D-Carnitine Enantiomer Determination  

Table 1 compares the analytical features used in the determination of carnitine 

enantiomers in the presence and absence of the other enantiomer. As can be seen, 

calibration graphs showed statistical correlations for the four graphs (p <0.05) with 

linear correlation coefficients (R2) of >0.992. Therefore, the specific and selective 

interaction of the chiral QDs with the carnitine enantiomer allows the 

determination of one enantiomer in the presence of the other enantiomer, even in 

a concentration 100 times higher. It is important to note the high reproducibility of 

the system, with a precision in the range of 1.8–2.3 % (see Table 1).  

To test this efficiency, several synthetic mixtures of carnitine enantiomers 

were analyzed using the chiral synthesized QDs. The results obtained are 

summarized in Table 2. As can be seen, the errors found were <2.7 %. Finally, the 

importance of understanding the fundamental concepts relevant to chirality in 

nanosystems must be noted, because it constitutes a key aspect for the 

development of nanotechnology in the future. 
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Table 1. Analytical Features of the Determination of Carnitine Isomers with the 

Synthesized Chiral Quantum Dots (QDs)a 

      Determination of L-Carnitine with D-Cys capped CdSe(ZnS) 

          Slope                          Intercept                          R
2
           LOD

b 
(mM)     RSD

c
 (%) 

without D-carnitine                        1.59 106±2.1 105      2.1 105±1.6 105      0.9996       0.013           1.85 

in presence of 5mM D-carnitine    1.59 106±2.3 105       2.3 105±1.6 105      0.9920           ---              2.33 

  

     Determination of D-Carnitine with L-Cys capped CdSe(ZnS) 

         Slope                           Intercept                          R
2
           LOD

b 
(mM)     RSD

c
 (%) 

without L-carnitine                         1.63 106±2.2 105      2.2 105±1.6 105      0.9986      0.016            1.46 

in presence of 5mM L-carnitine     1.61 106±2.0 105       2.0 105±1.6 105      0.9948         ---               2.05 

a
 The calibration graphs were established in the range 0.05-0.3 mM. 

b
 Limit of detection, determined as 3 × Sy/x/slope.  

c
 Relative standard deviation, determined from six measurements of a standard of 0.02 mM carnitine. 

 

 

 

Table 2. Analysis of synthetic mixtures of carnitine enantiomers. 

         Enantiomer Content (mM)  

      D-carnitine        L-carnitine             Error found (%) 

   
   0.5  0.5 - 0.76 

   0.5  0.5 - 0.02 

 0.25 0.75 1.29 

  0.25  0.75   0.93 

  0.2 0.8   2.43 

   0.2  0.8 - 2.20 

   0.1  0.9 - 4.59 

   0.1  0.9   2.74 
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Here, we report an optical sensor for fullerene C60 in water using CdSe/ZnS 

quantum dots coated by p-tertbutylcalix[8]arene. This C60-nanosensor is based on 

the selective host-guest interaction between fullerene C60 and p-

tertbutylcalix[8]arene. The procedure for the synthesis of p-

tertbutylcalix[8]arene-CdSe/ZnS complex is described and its fluorescent 

characteristics are also reported. We found that the interaction between C60 

fullerene and p-tertbutylcalix[8]arene-CdSe/ZnS complex quenches the original 

fluorescence of calix-QDs according to the Stern–Volmer equation. The 

mechanism interaction is discussed. Finally, the potential application of the 

proposed method using the designed nanosensor for determination of C60 in 

spiked environmental river water samples is demonstrated. For the analysis of 

river samples a liquid-liquid extraction multistep pre-concentration procedure is 

proposed.  
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The method, which is simple and rapid, allows the detection of 5 μg·L-1 of 

fullerene. This sensor could be a useful tool for environmental and toxicological 

studies. 
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INTRODUCTION 

The use of quantum dots (QDs) for the development of nanosensors is, today, 

one of the fastest developing fields of nanotechnology. The unique optical 

properties of these nanometer-sized semiconductor crystals make them an exciting 

fluorescent tool for sensor-based applications.[1-5]  The fluorescence efficiency of 

QDs is sensitive to the presence and nature of adsorbates at the surface of the QDs. 

Therefore, molecular recognition at the surface of QDs can be utilized in the 

development of fluorescent-based nanosensors. Excellent reviews have been 

published on the use of QDs in new sensing strategies, providing a general 

overview of the field.[6-8]  The first practical use of QDs, capped with different 

organic ligands, employed as chemical sensor was used to determine zinc and 

copper ions in aqueous media.[9] Other surface-modified quantum dots such as 

peptide-coated CdS[10], L-cysteine capped CdS[11] and L-carnitine capped CdSe/ZnS 

quantum dots[12] have been described for the determination of several cations such 

as Zn (II), Cu(II), Ag(I), Hg(II).  Some toxic anions, for example cyanide[13], have also 

been determined using QDs as sensors. In addition to detection of small ions, 

successful sensing applications of QDs have been recently described for more 

complex molecules, including sugars and neurotransmitters.[14, 15]  A prototype QD-

based sensor for maltose sensing in solution based on competitive FRET 

(Fluorescence resonance energy transfer) assay has been also reported.[16] 

Calixarenes, considered the third best host molecules after cyclodextrins and 

crown ethers, are cavity-shaped cyclic phenol molecules capable of forming host–

guest complexes with a variety of organic and inorganic guests.[17, 18]  Therefore, 

they lend themselves to the development of QD-based nanosensors. Several 
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methods for the preparation of highly fluorescent and stable CdSe/ZnS quantum 

dots, using calixarenes as surface coating agents, have been recently reported.[19-22]  

Calixarene coating ensures the high emission efficiency, the smaller size of QDs and 

provides selectivity. Calixarenes coated QDs have been used as nanosensors for 

polycyclic aromatic compounds and for amino acids.[23, 24] 

In this work, we have developed a fluorescent nanosensor for fullerene C60 

nanoparticles based on calixarene coated QDs. The p-tertbutylcalix[8]arene, which 

has a cavity of 3 Å depth and diameter of 11.7 Å, forms inclusion complexes with π-

system-containing molecules such as fullerenes.[25, 26] In fact, Atwood and Shinkai 

found that calix[8]arenes selectively included C60 in carbon soot and formed 

precipitates with a 1:1 stoichiometry.[27] 

The determination of nanoparticles in environment samples is a topic of 

growing interest.[28-31]  Recently, two analytical methods for the determination of 

carbon nanotubes in environmental water samples have been proposed.[32, 33] In 

the work presented here our attention was focussed on the design of a fullerene 

nanosensor motivated by the recent interest in the potential utility of C60 for 

biomedical, electronic, and other applications.[34-39]  Because of the widespread use 

in consumer products, such as coatings and fuel cells, and their impending 

commercialization, both humans and environmental systems will be increasingly 

exposed to nanomaterials including  C60 in the near future. 

Thus, it is absolutely necessary to develop analytical methods for determining 

fullerenes in  natural systems. For this reason, the potential usefulness of the 

developed QD-based nanosensors to determine C60 in environmental water 

samples is also a main objective of this paper. 
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EXPERIMENTAL SECTION 

Reagents and materials 

All chemical reagents were of analytical grade and used as purchased with no 

additional purification. Cadmium oxide (99.99%), trioctylphosphine oxide (TOPO, 

99%), trioctylphosphine (TOP, 90%), selenium (powder, 100 mesh, 99.99%), 

diethylzinc solution (ZnEt2, 1 M in hexane), bis(trimethylsilyl) sulphide ((TMS)2S), 

anhydrous methanol and anhydrous chloroform were purchased from Sigma 

Aldrich (Madrid, Spain). Hexylphosphonic acid (HPA) was obtained from Alfa Aesar 

(Karlsruhe, Germany). Fullerene C60 was supplied by Mer Corporation. 

Apparatus  

Absorption and fluorescence emission spectra were measured on a PTI 

QuantaMasterTM Spectrofluorometer (Photon Technology International) equipped 

with a 75 W xenon short arc lamp and a 814 PTM detection system. FeliX32 

software was used for fluorescence data collection and analysis which also 

controlled the whole instrument. The slits for excitation and emission were both 5 

nm wide. All optical measurements were carried out in 1 cm quartz cuvettes at 

room temperature under ambient conditions. 

CdSe/ZnS QDs Synthesis 

Core-shell quantum dots (ZnS-capped CdSe) were synthesized using CdO as 

precursor via the procedure described by Peng’s group,[41] although some slight 

modifications were made here. Briefly, 0.03 g of CdO, 0.11 g of HPA and 3.5 g of 

TOPO were loaded into a 100 mL glass three-neck flask. The mixture was heated to 

300–310 ºC under nitrogen atmosphere for 15 min to allow the complete 
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dissolution of CdO in HPA and TOPO. After cooling the temperature of the solution 

down to 270 ºC, 1.2 mL of selenium stock solution was swiftly injected. The 

selenium stock solution was prepared by dissolving 0.0255 g of selenium powder in 

1.5 mL of TOP, to produce a 0.215 M stock solution of trioctylphosphine selenide 

(TOP-Se). Nanocrystals were left to grow for about 20 min at 250 ºC. Subsequently, 

1.5 mL of the Zn/S/TOP stock solution (1.75 mL ZnEt2, and 0.26 mL (TMS)2S in 10.25 

mL TOP) was added dropwise to the mixture under vigorous stirring. The mixture 

was then cooled to 90 ºC and stirred for several hours. After cooling down the 

solution to room temperature, the QDs solution was transferred to a glass vial and 

diluted with 10 mL of chloroform anhydrous. Then, the synthesized QDs were 

purified by adding 10 mL of methanol to 10 mL of the QDs solution, QDs were 

precipitated, collected by ultracentrifugation (at 13.000 rpm) and washed with 

methanol several times. The purified QD nanocrystals were then dispersed in 10 mL 

of anhydrous chloroform and stored in the dark. 

Preparation of p-tert-butylcalix[8]arene-coated CdSe/ZnS 

Highly fluorescent calixarene-coated CdSe/ZnS QDs were prepared following 

the procedure described by Jin et al.,[20] although some modifications of the 

reaction medium were made here owing to the different calixarene used. 5 mg of 

p-tertbutylcalix[8]arene were dissolved in 2 mL of toluene and 1 mg of the TOPO-

capped CdSe/ZnS QDs was added. The mixture was sonicated for 5 min (in an 

ultrasonic bath; 50W, 60Hz), and it was then left to react overnight at room 

temperature in the dark. Then, the resulting complex consisting of the QDs coated 

by p-tertbutylcalix[8]arene was separated by centrifugation (at 1.000 rpm). The 

supernatant was discarded and the modified QDs dispersed in 1 mL of toluene and 

stored in the dark at room temperature. This concentrated solution of calixarene-
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coated CdSe/ZnS QDs was stable for at least two months and it was used to 

prepare the diluted working solutions. 

Sample treatment Fluorimetric determination of fullerene C60 

 Approach 1: Single extraction. The concentration of C60 the aqueous suspension 

was determined through a two-step extraction-preconcentration process as 

follows: 100 mL of C60 aqueous suspension was extracted with 5 mL of toluene. 

Then, the organic phase was separated and toluene was evaporated using a N2 

stream obtaining a dry residue.  

Approach 2: Multiple extraction. In order to obtain higher preconcentration 

factors, and thus lower detection limits, a multistage extraction process was 

evaluated. This approach consisted of mixing the organic phase from the first 

extraction step with another 100 mL of fresh C60-water suspension. This process 

was repeated up to reach the number of extraction stages desired. Finally, the 

organic phase was evaporated until the residue was dry. 

Subsequent fluorescence measurements were carried out. For that, the dry 

residue was dissolved in 1 mL of the calix-QD solution, transferred to a quartz 

cuvette and the maximum fluorescence emission at 550 nm was measured under 

λex= 400 nm. The C60 concentration was determined using the previously recorded 

calibration curve. 

Fluorimetric determination of fullerene C60 

The Calix-QD reagent solution was prepared before each analysis by adding 

200 μL of concentrated calixarene-coated CdSe/ZnS QDs solution to 10 mL of 

toluene. The mixture was ultrasonicated for 10 min (50 W, 60 Hz), yielding a stable 
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dispersion. Then, the dispersion was photoactivated under exposure to white light 

for 30 min.  

The analysis procedure was as follows: 1 mL of the calix-QD solution was 

placed in a quartz cuvette (1 cm) and 20 µL of C60 standards in toluene at different 

concentrations was then added, the mixture was gently shaken for 10 s, and the 

maximum fluorescence emission at 550 nm was measured (under λex= 400 nm).  

RESULTS AND DISCUSSION 

The development of the C60 nanosensor and the analysis of fullerene C60 in 

river water samples, are described below. An overview of the nanosensor is 

depicted in Fig. 1. 

 

Figure 1. Preparation of the p-tertbutylcalix[8]arene-CdSe/ZnS and the supramolecular 
association between the quencher (C60 fullerene) and the receptor (QD-Calix).  The 
fluorescence change observed when the ternary QD-Calix-C60 complex is formed is 
shown in the bottom left-hand panel. 
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Characterization of the calix[8]arene-coated CdSe/ZnS receptor 

The calix[8]arene-coated CdSe/ZnS obtained was highly fluorescent and stable. 

Fig. 2 shows the fluorescence spectrum of QD-calix in toluene with a maximum 

emission peak at 550 nm. The linewidth of the FL spectrum is relatively narrow 

(with the fullwidth at half-maximum of 45 nm), indicating that the calix[8]arene-

CdSe/ZnS “QD-Calix” nanoparticles have a narrow size distribution. Compared to 

other coating strategies, such as a ligand exchange method using thiol (-SH) ligand 

which usually results in low quantum yield, this calixarene coating approach 

increases the quantum yield of CdSe/ZnS QDs (see Fig. 2). 

 

Figure 2. Comparison of FWHN of QD-Calix and QD covered with TOPO molecules. 

The spectrum of non-coated CdSe/ZnS is also reported in Fig. 3A. The high 

emission efficiency of calixarene-coated QDs may result from the surrounding of 

the QD surface by the benzene units of the calixarene. 
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In the calixarene-coated QDs, the hydrophobic pockets of the calixarene 

molecules interact with the aliphatic chains of the TOPO present on the 

nanoparticle surface from the QDs synthesis. Nevertheless, the immobilized 

calix[8]arenes retain their capability of engaging molecular recognition. Due to this 

fact and the observation that the fluorescence changes when the analyte binds, 

this QD-Calix nanoparticle was used to develop the selective fullerene sensor.  

 

Figure 3. (A) Fluorescence emission spectra for p-tertbutylcalix[8]arene-coated 
CdSe/ZnS and non-coated CdSe/ZnS QDs (λexc = 400 nm); (B) Fluorescence emission 
and excitation spectra for QD-Calix and  for QD-Calix-C60 complex when 20 mg L-1 of 
C60 were added; (C) UV/Vis spectrum of a solution of C60 in toluene. 
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Figure 3C, shows the UV/Vis spectrum of a solution of C60 in toluene. As can be 

seen C60 in toluene presents an absorption band at 340 nm, which results in a 

reduction of the fluorescence of calix[8]arene-CdSe(ZnS)-C60 complex when using 

an excitation wavelength of 350 nm. For this reason, although the maximum 

excitation wavelength of QD-Calix nanoparticles was at 350 nm, in order to avoid 

the absoption of C60, the excitation wavelength was fixed at 400 nm. 

The calix[8]arene-CdSe/ZnS complex was also studied by Raman spectroscopy. 

As can be seen in Figure 4, calix[8]arene in toluene presented characteristic bands: 

bending of C-C-C of the aromatic rings (436 cm-1), stretching of C-C of the aromatic 

rings (885 cm-1, ring breathing motion), vibrations of the phenyl rings (1037, 1096, 

1592 and 1611 cm-1), stretching of C-C and vibrations of the phenyl rings (1279 cm-

1), antisymmetrical bending of CH3
 (1456 cm-1),  symmetrical stretching of CH3 (2880 

cm-1), antisymmetrical stretching of CH3 (2931 and 2974 cm-1) and stretching of C-H 

of the aromatic rings (3060 cm-1)[40] which were affected by the formation of the 

QD-Calix complex. Specifically, the bands at 436, 885, 1096, 1279, 1592, 1611, 2880 

and 2974 cm-1 disappeared while the bands at 1037, 1456, 2931 and 3060 cm-1 

decreased in intensity. Some of these changes were related with the C-H 

asymmetric and symmetric stretching modes of methyl groups indicating that the 

interaction between the calixarene molecules and the TOPO/TOP molecules on the 

surface of the QD was via the p-tertbutyl groups of the calix[8]arene. The other 

changes were associated with the orientation of aromatic benzene rings with 

respect to the surface of the QD and the cavity conformation. The disappearance or 

decrease of bands attributed to the vibrations of the phenyl rings was due to a 

more perpendicular orientation of the aromatic planes. And the disappearance of 

the band at 885 cm-1 was related to changes in the cavity conformation, indicating 
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a closing of the cavity with respect to the cavity conformation in the free calixarene 

molecule. Moreover, the appearance of a new band at 2837 cm-1 was assigned to 

the interaction of CH3 of calixarene molecules with the surface of the QDs. 

The spectrum (B) in Fig 4 obtained using the optimised working conditions 

(calixarene/QD ratio of 12.5), did not show bands of the free calixarene. When 2 

mg of calix[8]arene was added to the solution of QD-Calix complex, the 

characteristic bands of the free calixarene appeared again (Fig. 4C). It should be 

noted that the characteristic band of the interaction between the calixarene and 

the QD at 2837 cm-1 was also maintained. Therefore, these results indicated that, in 

the recommended working conditions, the amount of free calix[8]arene was 

negligible. 

In summary, from this comparison it was demonstrated that the interaction 

between the QD and the calix[8]arene dramatically influences the conformational 

behaviour of the calix[8]arene molecules. 
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Figure 4. Raman spectra: (A) p-tertbutylcalix[8]arene in toluene, (B) QD-Calix in 
toluene and  (C) QD-Calix plus free p-tertbutylcalix[8]arene in toluene. In all cases 
the Raman spectra of toluene was subtracted. λexc=633 nm, 20 mW. 

Effect of calixarene/QD ratio on fluorescence quenching response 

The effect of the Calixarene/QD ratio on the fluorescence quenching response 

of QD-calix-C60 complex was studied.  The p-tertbutylcalix[8]arene / CdSe/ZnS ratio 

used for the preparation of QD-Calix was studied by changing the amount of p-

tertbutylcalix[8]arene between 3-6 mg and maintaining a constant amount of QDs 

of 0.4 mg. The results obtained for each calixarene/QD ratio (expressed as w/w) are 

shown in Fig. 5. With increasing calixarene amounts, the original fluorescence of 
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QD-Calix increased until a ratio of 12.5. Afterwards, the fluorescence was 

maintained approximately constant in the interval 12.5-15 (Fig. 5A). However, in 

order to achieve the maximum sensitivity it is necessary to study the fluorescence 

quenching produced by C60 for each set of conditions. The fluorescence quenching 

measured as Io/I (where Io is the original fluorescence of the QD-Calix and I the 

fluorescence when 20 mg L-1 of C60 were added) are presented in Fig 5B.The 

quenching response was at a maximum for a calixarene/QD ratio of 12.5, so this 

proportion was selected to prepare the QD-Calix nanoparticles. As can be seen, at 

higher concentrations, up to 115 mg L-1, the maximum appears hypsochromically 

shifted. However, this effect was negligible in the working linear range. 

 

Figure 5. Effect of the Calix/QD proportion (from 7.5 to15). (A) Fluorescence 
intensity of the QD-calix nanoparticles; (B) Fluorescence quenching response of 
QD-Calix-C60 complex for a constant C60 concentration of 20 mg L-1. 
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Sensor response and analytical features 

The fluorescence response of the QD-Calix upon addition of increasing 

amounts of C60 fullerene (between 4-200 mg L-1) was measured (Fig. 6A). With an 

increase in fullerene concentration, the fluorescence intensities of QD-Calix 

decrease sucessively. Therefore, the quenching effect of C60 on the fluorescence 

intensity could be used to develop an optical nanosensor for C60 determination. The 

possible quenching mechanism of the fluorescence of QD-Calix nanoparticles by C60 

fullerene is discussed.  

It is well-known that p-tertbutylcalix[8]arene can adopt several conformations, 

such as conical and alternate conformations, in aqueous and organic solutions. 

However, it tends to change the cavity shape to conical conformation to 

accommodate the guest in the cavity in an induced-fit manner when guest 

molecules are added into the solution.[42] We believe that the reaction of 

calix[8]arene with CdSe/ZnS in toluene tends to give conical conformation in 

quantitative yield, facilitating the construction of an inclusion complex with the 

fullerene guest. The host-guest complexation process between fullerene C60 and p-

tertbutylcalix[8]arene has already been studied showing that p-

tertbutylcalix[8]arene can selectively bind C60 molecules.[43-46]  Therefore, our 

method relies on the supramolecular host-guest association of the fullerene C60 

receptor with the highly luminescent calix[8]arene-CdSe/ZnS acceptor. Under these 

conditions the photoinduced transfer of electrons is from the excited calix-

CdSe/ZnS to the C60 molecules, while the ternary C60-calix-CdSe/ZnS complex is 

formed is translated into an efficient and selective luminescence quenching. The 

putative mechanism for binding of the fullerene C60 with the calix-CdSe/ZnS to form 

the ternary C60-calix-CdSe/ZnS complex is illustrated schematically in Fig. 1. 
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The Stern-Volmer kinetics model was used to examine the observed quenching 

behavior as a function of the quencher concentration. In doing so, the quencher 

concentration could be obtained from the Stern–Volmer relationship: 

 

where: Io is the luminescence intensity of the QD-Calix and I is the 

luminescence intensity of the QD-Calix-C60 complex, Ksv is the Stern–Volmer 

constant and [Q] is the C60 quencher concentration. 

Fig. 6B shows the Stern–Volmer plot obtained from luminescence intensity 

measurements upon addition of up to 200 mg L-1 of C60 to QD-Calix in toluene. 

Interestingly, the plots of Io/I versus C60 quencher concentration did not fit a 

conventional linear Stern–Volmer equation. A steep upward curvature was 

observed at quencher concentrations greater than 115 mg L-1. This behaviour 

indicates that both dynamic and static quenching seem to act together, and so a 

more complex quenching model according to equation (2) is suggested.[47]  

 

wherein: KD and KS are the Stern–Volmer constants for dynamic and static 

quenching, respectively.  

However, at quencher concentrations lower than 115 mg L-1 the quenching 

mechanism is predominantly static, whereas the dynamic terms contribute 

significantly to quenching only at higher concentrations. Therefore, the 

luminescence behaviour of the system below 115 mg L-1 can be described by a 

linear Stern–Volmer plot according to equation (1).  
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Figure 6. (A) Fluorescence emission spectra (λexc = 400 nm) for QD-Calix with 
increasing amounts of C60 added (between 4-200 mg L-1); (B) Stern–Volmer plot for 
C60 quenching of bare QD-Calix fluorescence; (C) The Stern-Volmer plot in the lineal 
range (between 4-115 mg L-1) is also shown. Data plotted as Io/I vs. [C60]. The line 
represents the fit to the data points according to eq. (1). 

To obtain an insight into the quenching mechanism at lower concentrations, 

the temperature dependence of the fluorescence quenching was examined. 

Several quenching experiments conducted at various temperatures were carried 

out in the range 15 to 30 ºC. The results showed that quenching was more efficient 

at lower temperatures, thus indicating a static quenching mechanism that involves 

complex formation between QD-Calix and C60 when the C60 concentration was 

smaller than 115 mg L-1. As a matter of fact, the obtained experimental data for the 

first part of the Stern–Volmer plot can be satisfactorily fitted by a linear regression 

following calibration equation (Fig. 6C):  
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A good linear relationship (r > 0.9993) is obtained, which could be used to 

determine C60 in toluene. The limit of detection, calculated following the 3σ IUPAC 

criteria, was 4.56 mg L-1 of C60. The precision of the method expressed as relative 

standard deviation was determined in terms of repeatability (n=5) at concentration 

level of 10 mg L-1 obtaining a R.S.D. value of 1.74 %. The interday reproducibility of 

producing the QD-Calix reagent solution was also evaluated obtaining a R.S.D. of 

only 0.4 %. 

Application to the proposed C60-nanosensor to water samples 

The discovery that aggregates of C60 fullerene (nC60) are stable in aqueous 

environments has elicited concerns regarding the potential environmental and 

health effects of these aggregates. Although it is a topic of debate, many previous 

studies have suggested that nC60 exhibits toxicity toward fish, human skin and liver 

cells as well as gram-positive and gram-negative bacteria.[48,49] Therefore, it is 

absolutely clear that analytical methods for determining fullerene content in 

environmental aqueous systems are required. Since it has been reported that 

nano-C60 is cytotoxic to common Gram-positive and Gram-negative bacteria at 

concentrations of 0.4 mg L-1 and to human dermal fibroblasts (HDF) and human 

liver carcinoma cells (HepG2) at the 20 µg L-1 level, the methods for determining C60 

fullerenes in water should have very low detection limits. 

Once again, in order to demonstrate the possibility to determine C60 in 

toluene, a method to analyse C60 in water samples was developed. The method was 

based on the liquid-liquid extraction of C60 for water samples and its further 

fluorimetric determination in toluene. 
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Preparation of nC60 aqueous suspensions. Stable aqueous suspensions of C60 

fullerenes were prepared by toluene to water solvent exchange according to the 

procedure outlined by Andrievsky at el. with some slight modifications.[50]  C60 was 

dissolved in toluene into an open vessel and water was added at a rate of 1.67 mL 

min-1. This was placed in an ultrasonic bath until the toluene evaporated 

completely. After this procedure, a light yellow solution was obtained. Different 

samples of C60 aqueous suspensions with C60 concentration between 1-0.005 mg L-1 

were prepared and stored at 4 ºC. 

The rate of water addition was controlled because it was found to affect to the 

size of the nC60 aggregates formed, which is in agreement with published data by 

Fortner et al.[48] 

 It is important at this point to make a comment. Many of the different methods 

for C60 suspension preparation described in the literature involve a final step of 

filtration which facilitates the use of methods such as dynamic light scattering (DLS) 

and transmission electron microscopy (TEM) by removing large aggregates that can 

be problematic during the size measurement or TEM grid preparation. However, 

filtration may result in an inaccurate representation of solutions produced by the 

gradual weathering of C60 released to the environment. For this reason we opted, 

in this work, for a free-filtration method for the preparation of C60-water 

suspensions. Thus, polydisperse suspensions of C60-water with both fullerene 

colloids and dissolved species were obtained and are of particular interest as they 

correspond to real environmental scenarios. 

 Analytical features and sample application. In order to check the feasibility of 

the two proposed approaches (single and multiple extraction) for the 

determination of C60 in river water samples, C60-river water suspensions with C60 at 
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different concentrations, were prepared and analyzed following the two extraction 

procedures described in the experimental section. The river water contains both 

colloidal particles and organic matter so, in order to demonstrate the potential for 

real applications, it is necessary to evaluate the presence of possible interferences. 

Therefore, fullerene C60 extraction was optimised by using spiked river water 

samples. 

The efficiencies of the extraction-preconcentration-fluorescence emission 

procedure for the different samples of C60-river water suspensions are summarized 

in Table 1. As shown in Table 1, the measured C60 amounts coincide with the 

amounts added to river water, indicating that the proposed extraction-

preconcentration procedure is quantitative. When only one extraction was carried 

out, the quantification limit was 0.1 mg L-1 of C60 in river water. 

The results obtained with different extraction multistages are presented in 

Table 2. In light of these results, it can be concluded that the preconcentration 

increases with the number of stages, but at the same time the recovery values are 

worse. When more than eight stages were employed, the recovery value was not 

acceptable. The detection limit using the multistage extraction approach (with 8 

stages) was 5 μg L-1 of C60 in river water. 

No significant differences were found between both analytical signals, thus it 

can be concluded that there were no interferences in river water. This finding 

demonstrated that our designed nanosensor based on host-guest interaction is 

highly selective. Therefore, the developed method could be applicable for 

determination of C60 in river water without any requirement for pre-treatment of 

the sample. 
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Table 1. Results and efficiencies of the extraction-preconcentration-fluorescence 
emission procedure using approach 1 (single extraction) for different samples of 
C60-river water suspensions. 

Sample 
C60 amount 

added 
 (mg L

-1
) 

Extraction 
procedure 

C60 amount after 
preconcentration 

 (mg L
-1

) 
Io/I 

C60 amount 
found 

(mg L
-1

) 

Recovery 
 (%) 

MilliQ water 1 100 mL water / 
20 mL toluene 

100 2.03538 100.65 100.65% 

River water 1 100 mL water / 
20 mL toluene 

100 1.88424 85.97 85.97% 

River water 1 100 mL water / 
10 mL toluene 

100 1.98638 95.89 95.89% 

River water 1 100 mL water / 
 5 mL toluene 

100 2.01815 98.98 98.98% 

River water 0.5 100 mL water / 
 5 mL toluene 

50 1.53746 52.31 104.81% 

River water 0.2 100 mL water / 
 5 mL toluene 

20 1.19905 19.45 97.26% 

River water 0.1 100 mL water / 
 5 mL toluene 

10 1.09856 9.70 96.95% 

 

Table 2. Results obtained with different number of extraction stages using approach 2 
(multiple extraction) for different samples of C60-river water suspensions. 

Sample 
C60 amount 

added 
 (mg L

-1
) 

Multiple Extraction 
(Nº of stages) 

C60 amount after 
preconcentration 

 (mg L
-1

) 
Io/I 

C60 amount 
found 

(mg L
-1

) 

Recovery 
 (%) 

River water 0.02 3 multistages 6 1.05605 5.56 92.7% 

River water 0.02 5 multistages 10 1.09151 9.01 90.1% 

River water 0.005 8 multistages 4 1.03194 3.22 80.5% 

River water 0.005 10 multistages 5 1.03487 3.51 70.2% 
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CONCLUSION 

In this work, an optical nanosensor for fullerene determination has been 

developed based on the supramolecular recognition of C60 with p-

tertbutylcalix[8]arene. We demonstrated that: 1) the calixarene coating preserves 

the emission intensity of the quantum dot and their small diameter and, 2) the 

immobilized calix[8]arenes retain their capability of engaging molecular 

recognition. The potential of the nanosensor to determine C60 has been 

demonstrated for the analysis of river water samples. The insolubility of fullerenes 

in water, combined with its high solubility in toluene, have allowed a simple and 

rapid method with a detection limit of only 5 μg L-1. There is no doubt that this 

strategy opens up new possibilities to develop toxicological and environmental 

applications. The application of a similar strategy for the analysis of biological 

samples is a future trend. 

ACKNOWLEDGMENT 

The authors would like to express their gratitude to the Spanish Ministry of 

Innovation and Science for project CTQ2007-60426, and to the Junta of Andalusia 

for their project FQM02300.  C. Carrillo-Carrión also wishes to thank the Ministry 

for the award of a Research Training Fellowship (Grant AP2006-02351). 

 

 

 



 Luminiscencia de QDs 

 

339 

 

REFERENCES 

[1] Bruchez, M.; Moronne, M.; Gin, P.; Weiss, S.; Alivisatos, A. P. Semiconductor 

Nanocrystals as Fluorescent Biological Labels. Science 1998, 281, 2013-2016.  

[2] Chan, W. C. W.; Nie, S. Quantum Dot Bioconjugates for Ultrasensitive 

Nonisotopic Detection. Science 1998, 281, 2016-2018.  

[3] Wu, X.; Liu, H.; Haley, K. N.; Treadway, J. A.; Larson, J. P.; Peale, F.; Bruchez, 

M. Immunofluorescent labeling of cancer marker Her2 and other cellular 

targets with semiconductor quantum dots. Nat. Biotechnol. 2003, 21, 41-46.  

[4] Jaiswal, J. K.; Mattoussi, H.; Mauro, J. M.; Simon, S. M. Long-term multiple 

color imaging of live cells using quantum dot bioconjugates. Nat. Biotechnol. 

2003, 21, 47-51. 

[5] Alivisatos, A. P. The use of nanocrystals in biological detection. Nat. 

Biotechnol. 2004, 22, 47-52. 

[6] Costa-Fernandez, J. M.; Pereiro, R.; Sanz-Medel, A. The use of luminescent 

quantum dots for optical sensing. Trends in Anal. Chem. 2006, 25(3), 207-

218.   

[7] Murphy, C. J. Optical sensing with quantum dots. Anal. Chem. 2002, 74, 

520A-526A. 

[8] Somers, R.C.; Bawendi, M.G.; Nocera, D.G. CdSe nanocrystal based chem-

/bio- sensors. Chem. Soc. Rev. 2007, 36, 579-591. 

[9] Chen, Y. F.; Rosenzweig, Z. Luminescent CdS quantum dots as selective ion 

probes. Anal.  Chem. 2002, 74, 5132-5138. 

[10] Gattas-Asfura, K. M.; Leblanc, R. M. Peptide-coated CdS quantum dots for 

the optical detection of copper (II) and silver (I). Chem.  Commum.  2003, 

2684-2685. 



Capítulo 6 

 

 

340 

 

[11] Chen, J. L.; Zhu, C. Q. Functionalized cadmium sulfide quantum dots as 

fluorescence probe for silver ion determination. Anal Chim Acta 2005, 546, 

147-153. 

[12] Li, H.; Zhang, Y.; Wang, X.; Gao, Z. A luminescent nanosensor for Hg (II) based 

on functionalized CdSe/ZnS quantum dots. Microchim.  Acta 2008, 160, 119-

123. 

[13] Jin, W. J.; Fernández-Arguelles, M. T.; Costa-Fernández, J. M.; Pereiro, R.; 

Sanz-Medel, A. Photoactivated luminescent CdSe quantum dots as sensitive 

cyanide probes in aqueous solutions. Chem. Commun. 2005, 883-885. 

[14] Cordes, D. B.; Gamsey, S.; Singaram, B. Fluorescent Quantum Dots with 

Boronic Acid Substituted Viologens To Sense Glucose in Aqueous Solution. 

Angew. Chem. Int. Ed. 2006, 45, 3829-3832. 

[15] Gill, R.; Bahshi L.; Freeman, R.; Willner, I. Optical Detection of Glucose and 

Acetylcholine Esterase Inhibitors by H2O2-Sensitive CdSe/ZnS Quantum Dots. 

Angew. Chem. 2008, 120, 1700-1703. 

[16] Mednitz, I. L.; Uyeda, H. T.; Goldman, E. R.; Mattoussi, H. Quantum dot 

bioconjugates for imaging, labelling and sensing. Nat. Mater. 2005, 4, 435-

446. 

[17] Bohmer, V. Calixarenes, Macrocycles with (Almost) Unlimited Possibilities. 

Angew. Chem. Int. Ed. 1995, 34, 713-745. 

[18] Zeng, C.-C.;  Zheng, Q.-Y.; Tang, Y.-L.; Huang, Z.-T. Synthesis of new 

calix[4]arenes containing nucleoside bases. Tetrahedron Lett. 2003, 59, 

2539-2548.   

[19] Jin, T.; Fujii, F.; Sakata, H.; Tamura, M.; Kinjo, M. Calixarene-coated water-

soluble CdSe–ZnS semiconductor quantum dots that are highly fluorescent 

and stable in aqueous solution. Chem. Commun. 2005, 2829-2831. 



 Luminiscencia de QDs 

 

341 

 

[20] Jin, T.; Fujii, F.; Sakata, H.; Tamura, M.; Kinjo, M. Amphiphilic p-

sulfonatocalix[4]arene-coated CdSe/ZnS quantum dots for the optical 

detection of the neurotransmitter acetylcholine. Chem. Commun. 2005, 

4300-4302. 

[21] Li, H. B.; Xiong, W.; Yan, Y.; Liu, J. A.; Xu, H. B.; Yang, X. L. Selenium calixarene 

for luminescent and stable quantum dots. Mater. Lett. 2006, 60, 703-705. 

[22] Li, H. B.; Zhang, Y.; Wang, X.; Xiong, D.; Bai, Y. Calixarene capped quantum 

dots as luminescent probes for Hg2+ ions. Mater. Lett. 2007, 61, 1474-1477. 

[23] Li, H.; Qu, F. Selective inclusion of polycyclic aromatic hydrocarbons (PAHs) 

on calixarene coated silica nanospheres englobed with CdTe nanocrystals. J. 

Mater. Chem. 2007, 17, 3536-3544. 

[24] Wang, X.; Wu, J.; Li, F.;  Li, H. Synthesis of water-soluble CdSe quantum dots 

by ligand exchange with p-sulfonatocalix(n)arene (n = 4, 6) as fluorescent 

probes for amino acids. Nanotechnology 2008, 19, 205501-09. 

[25] Suzuki, T.; Nakashima, K.; Shinkai, S. Very convenient and efficient 

purification method for fullerene (C-60) with 5,11,17,23,29,35,41,47-octa-

tert- butylcalix[8]arene-49,50,51,52,53,54,55,56-octol. Chem. Lett. 1994, 

699-702. 

[26] Islam, S. D. M.; Fujitsuka, M.; Ito, O.; Ikeda, A.; Hatano, T.; Shinkai, S. 

Photoexcited State Properties of C60 Encapsulated in a Water-Soluble 

Calixarene. Chem. Lett. 2000, 29, 78-79. 

[27] Atwood, J. L.; Koutsoantonis, G. A.; Raston, C. L. Purification of C60 and C70 

by selective complexation with calixarenes. Nature 1994, 368, 229-231. 

[28] Joner, E. J.; Hartnik, T.; Amundsen, C. E. Enviromental fate and ecotoxicity of 

engineered nanoparticles. Nanoparticles and the environment 2007, TA-

2304.  



Capítulo 6 

 

 

342 

 

[29] Wigginton, N. S.; Haus, K. L.; Hochella, M. F. Aquatic environmental 

nanoparticles. J. Environ. Monit. 2007, 9, 1285-1432. 

[30] Tiede, K.; Boxall, A. B.; Tear, S. P.; Lewis, J.; David, H.; Hassellov, M. Detection 

and characterization of engineered nanoparticles in food and the 

environment. Food Addit Contam Part A Chem Anal Control Expo Risk Assess. 

2008, 25(7), 795-821. 

[31] Leppard, G. G. Nanoparticles in the Environment as Revealed by 

Transmission Electron Microscopy:Detection, Characterisation and Activities. 

Current Nanoscience 2008, 4(3), 278-301. 

[32] Suárez, B.; Moliner-Martínez, Y.; Cárdenas, S.; Simonet, B. M.; Valcárcel, M. 

Monitoring of carboxylic carbon nanotubes in surface water by using 

multiwalled carbon nanotube-modified filter as preconcentration unit. 

Environ. Sci. Technol. 2008, 42(16), 6100-4. 

[33] Xiao, H.; Zoua, H.; Pan, C.;  Jiang, X.;  Leb, X. C.; Yang, L. Quantitative 

determination of oxidized carbon nanotube probes in yeast by capillary 

electrophoresis with laser-induced fluorescence detection. Anal. Chim. Acta 

2006, 580, 194-199.   

[34] Colvin, V. L. The potential environmental impact of engineered 

nanomaterials. Nat. Biotechnol. 2003, 21, 1166-1170.  

[35] Kelty, S. P.; Chen, C. C.; Lieber, C. M. Superconductivity at 30-K in Cesium-

Doped C60. Nature 1991, 352, 223-225. 

[36] Tsao, N.; Kanakamma, P. P.; Luh, T. Y.; Chou, C. K.; Lei, H. Y. Inhibition of 

Escherichia coli-Induced Meningitis by Carboxyfullerence. Antimicrob. Agents 

Chemother. 1999, 43, 2273-2277. 

[37] Haddon, R. C.; Hebard, A. F.; Rosseinsky, M. J.; Murphy, D. W.; Duclos, S. J.; 

Lyons, K. B.; Miller, B.; Rosamilia, J. M.; Fleming, R. M.; Kortan, A. R.; Glarum, 

S. H.; Makhija, A. V.; Muller, A. J.; Eick, R. H.; Zahurak, S. M.; Tycko, R.; 



 Luminiscencia de QDs 

 

343 

 

Dabbagh, G.; Thiel, F. A. Conducting films of C60 and C70 by alkali-metal 

doping. Nature 1991, 350, 320-322. 

[38] Innocenzi, P.; Brusatin, G. Fullerene-Based Organic-InorganicNanocomposites 

and Their Applications. Chem. Mater. 2001, 13, 3126-3139. 

[39] Ungurenasu, C.; Airinei, A. Highly stable C60/poly(vinylpyrrolidone) charge-

transfer complexes afford new predictions for biological applications of 

underivatized fullerenes. J. Med. Chem. 2000, 43, 3186-3199. 

[40] Katsyuba, S.A.; Zvereva, E.E.; Chernova, A.V.; Shagidullin, A.R.; Solovieva, 

S.E.; Antipin, I.S.; Konovalov, A.I. IR and NMR spectra, intramolecular 

hydrogen bonding and conformations of mercaptothiacalix[4]arene 

molecules and their para-tert-butyl-derivative. J. Incl. Phenom. Macrocycl. 

Chem. 2008, 60, 281-291. 

[41] Peng, Z. A.; Peng, X. Formation of High-Quality CdTe, CdSe, and CdS 

Nanocrystals Using CdO as Precursor. J. Am. Chem. Soc. 2001, 123, 183-184. 

 
 
 
 
 
 
 
 
 
 
 
 

 



 
 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CCaappííttuulloo  77       

 
Determination of TNT explosive  

based on its selectively interaction with 

Creatinine-capped CdSe/ZnS Quantum Dots. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

347 

 

 

                                                               

                                                              Submitted to Small  

 

Determination of TNT explosive based on its selectively 

interaction with Creatinine-capped CdSe/ZnS Quantum Dots 

C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel 

Department of Analytical Chemistry, University of Córdoba, E-14071 Córdoba, Spain. 

Here, a creatinine-modified CdSe/ZnS quantum dots fluorescent probe has been 

prepared and used for sensing 2,4,6,-trinitrotoluene explosive (TNT). The 

proposed method is based on the selective interaction between creatinine and 

nitroaromatic compounds according to the well-known Jaffé reaction. The 

procedure for the synthesis of creatinine-CdSe/ZnS reagent is very simple and 

reproducible and its fluorescent characteristics are reported. We found that the 

presence of TNT quenches the original fluorescence of creatinine-QD according to 

the Stern–Volmer model. Under the working conditions, the calibration plot of 

Io/I versus concentration of TNT was linear in the range 10-300 µg·L-1 (R2=0.996). 

The mechanism interaction is discussed. The selectivity of fluorescence quenching 

of creatinine-QD for TNT has been evaluated. Finally, the potential application of 

the proposed methodology for determination of TNT in spiked soils is 

demonstrated. For the analysis of soil samples a solid-liquid extraction 

(lixiviation) is carried out and a four-point standard addition protocol is used to 

correct the matrix effect. The method, which is simple and rapid, allows the 

detection of 0.057 µg·g-1 of TNT in soil samples. This sensor could be a useful tool 

for environmental studies, a crucial topic for nanotechnology nowadays. 



 

 

 

 

 

 

 

 



 Luminiscencia de QDs 

 

349 

 

INTRODUCTION 

With the surge of terrorism and the increased use of modern bombs in 

terrorist attacks, the detection of hidden explosives as well as unrecovered land 

mines has become an important but difficult international problem. The 

development of new devices capable of rapidly and cost-efficiently detecting 

explosives has become an urgent worldwide necessity.[1] Some methods, though 

highly sensitive, are expensive and require sophisticated instrumentation that is 

not easily applied to on-site field testing. Some such methods include gas 

chromatography coupled with mass spectrometry,[2] nuclear quadrupole 

resonance,[3] energy dispersive X-ray diffraction,[4] electron capture detection,[5] 

and surface enhanced Raman spectroscopy.[6] Ion mobility spectrometry (IMS), 

which is a commonly used explosive detection system in airports, has sensitivity in 

the picogram to nanogram range, but it is also expensive, operator dependent, 

prone to false positives, and spectrometers must be frequently calibrated.[7] A 

review of instrumentation for trace explosives detection has been published 

recently.[8] Because of their widespread use, nitroaromatics comprise an important 

general class of explosives compounds for detection. Several investigations have 

shown that 2,4,6-trinintrotoluene (TNT) is the least mobile and most frequently 

occurring contaminating compound in the soil. In addition to bomb detection 

applications, there are environmental health and safety concerns relating to 

nitroaromatics. Exposure to TNT is believed to cause anemia, abnormal liver 

function, and cataracts.[9] Its toxicity and suspected carcinogenicity has led the 

Environmental Protection Agency to establish a Health Advisory Standard, a non-

mandatory technical guide for authorities, for TNT in drinking water at 2 parts per 
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billion.[10] Therefore, highly sensitive methods for detecting TNT and other nitro-

based explosives in soil and groundwater are required.[11]  

So far, several TNT sensors have been fabricated on the basis of fluorescence, 

colorimetric, and electrochemical techniques.[12-15] They have attracted much 

attention in the rapid detection of explosives because they can be easily 

incorporated into inexpensive and portable microelectronic devices. In this respect, 

the fluorescence-based sensor schemes are very promising. As example of 

fluorescence systems, small molecule fluorophores,[12] conjugated polymers,[16-18] 

porphyrins,[19] polymer-grafted silica nanoparticles,[20] functionalized ruthenium 

nanoparticles[21] and semiconductor quantum dots [29-33] have been used as reporter 

materials. 

The use of Quantum dots (QDs) to develop optical sensors is, nowadays, one of 

the fastest moving fields. These nanometer-sized semiconductor crystals are 

advantageous over fluorescent dyes because of their tunable emission color, high 

quantum yield and long-term photostability. Moreover, the emission of QDs is 

narrow, symmetric, and independent of the excitation wavelength.[22,23] Due to 

their unique properties, QDs have attracted considerable attention for the 

development of sensitive and selective fluorescence sensors in recent years. It is 

well known that the fluorescence efficiency of QDs is sensitive to the interactions 

between some substances and the surface of QDs. Thus, molecular recognition at 

the surface of QDs allows the development of fluorescent-based nanosensors. 

Excellent reviews have been published on the use of QDs in new sensing strategies, 

giving either a general overview of the field.[24-28] Also the potential applications of 

QDs in the detection of nitroaromatic explosives, such as TNT, based on directive 
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fluorescence quenching of QDs[29-31] or fluorescence resonance energy transfer[32,33] 

have been paid to attention. 

Herein, we report that fluorescence of creatinine-modified CdSe/ZnS QDs 

could be efficiently quenched by nitroaromatic analytes, which might provide a 

new pathway to the detection of the nitroaromatic explosives and their relative 

compounds. The novelty in the design of this fluorosensor lies in the selectivity 

achieved by the Jaffé reaction. 2,4,6-trinitrotoluene (TNT) was selected as model 

analyte to develop the method because it is the most widely used nitroaromatic 

explosive. 

EXPERIMENTAL SECTION 

Reagents and materials 

All chemical reagents were of analytical grade and used as purchased with no 

additional purification. Cadmium oxide (99.99%), trioctylphosphine oxide (TOPO, 

99%), trioctylphosphine (TOP, 90%), selenium (powder, 100 mesh, 99.99%), 

diethylzinc solution (ZnEt2, 1 M in hexane), bis(trimethylsilyl) sulphide ((TMS)2S), 

anhydrous methanol, anhydrous chloroform and acetonitrile (ACN) were purchased 

from Sigma Aldrich (Madrid, Spain). 2,4,6-trinintrotoluene (TNT), 2,4-dinitrotoluene 

(2,4DNT) and 2-nitrotoluene (2NT) were also purchased from Sigma Aldrich. 

Hexylphosphonic acid (HPA) was obtained from Alfa Aesar (Karlsruhe, Germany). 

Stock solutions of TNT, 2,4DNT and 2NT were prepared in acetonitrile and kept at 

4°C. 
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Instrumentation  

Absorption and fluorescence emission spectra were measured on a PTI 

QuantaMasterTM Spectrofluorometer (Photon Technology International) equipped 

with a 75 W xenon short arc lamp and the model 814 PTM detection system. 

FeliX32 software was used for fluorescence data collection and analysis which also 

controlled the whole instrument. The slits for excitation and emission widths were 

both 5 nm. All optical measurements were carried out in 10-mm quartz 

microcuvette (1400 µL) at room temperature under ambient conditions. 

CdSe/ZnS QDs synthesis and Creatinine-QDs preparation 

Core-shell quantum dots (ZnS-capped CdSe) were synthesized using CdO as 

precursor via the procedure described by Peng’s group.[34] Briefly, CdSe–ZnS core-

shell nanoparticles were prepared via a two-step organometallic reaction in a high 

temperature coordinating solution made of a mixture of trioctyl phosphine/trioctyl 

phosphine oxide (TOP/TOPO) mixed with additional amine terminated ligands. 

Finally, purified QD nanocrystals in chloroform (at 2 mg·mL-1) emitting at 575 nm 

were obtained and stored in the darkness.  

CdSe/ZnS QDs were functionalized with creatinine molecules to obtain water-

soluble and highly fluorescent creatinine-capped QDs. 50 mg of creatinine were 

dissolved in 10 mL of water and 0.2 mL of  CdSe/ZnS QDs in chloroform (2 mg·mL-1) 

was added. The mixture was sonicated for 10 min (in an ultrasonic bath; 50W, 

60Hz), and the solution was then adjusted to pH=11. The final concentration of 

each component was 0.04 mg·mL-1 QDs and 5 mg·mL-1 creatinine. This creatinine-

QDs reagent solution was left to photoactivate one day at room temperature in 

ambient light until reaching constant fluorescence intensity. This preparation was 
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stable for about 6 days so we recommend the preparation of new creatinine-QDs 

dispersion every week. 

Sample preparation and extraction procedure 

Homogenized samples (1g) were weighed into vials before being spiked with 

the standard solution of TNT. The standard solution was diluted with acetonitrile (1 

mL) before being spiked into the soil samples. Varying amounts of the stock 

solution were used to obtain the desired concentration in the spiked soil samples, 

yielding target concentrations between 0.10–3.00 µg·g-1. The samples were then 

allowed to stand for at least one hour, as stated in previous reports.[35-37] 

Extraction of TNT from soils was carried out following the lixiviation procedure 

described and validated by Hilmi.[38] They demonstrated that this extraction 

procedure leads to recoveries of nitroaromatic explosives from soil compatible with 

those of EPA Method 8330. Following this procedure, 1 g of soil was extracted with 

10 mL acetonitrile (ACN) by agitating in a capped vial for 30 min. The supernatant 

from centrifugation (5 min, 3500 r.p.m) was collected as soil extract. Finally, a 

portion (20 µL) of the ACN extract of the soil sample was directly analyzed. 

Analytical Procedure 

General procedure. The analysis procedure was as follows: 500 µL of the 

creatinine-QD solution were placed in a quartz microcuvette and 20 µL of TNT 

working standards at different concentrations (or 20 µL of the ACN extract of the 

soil sample) were then added. The mixture was gently shaken for 10 s and the 

maximum fluorescence emission at 583 nm was measured (under λex= 370 nm). 

The analytical response was measured as Io/I, being Io the original fluorescence 
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intensity of the creatinine-QD and I the fluorescence intensity when the TNT was 

added. 

Determination of TNT in soil samples. Quantification of TNT in soil samples was 

performed by the method of standard addition as follows: four analytical signals 

were obtained for each sample, one for unspiked soil extract portion ((Io-I)/I) and 

three portions spiked with different levels of standard solutions ((Io-I1)/I1, (Io-I2)/I2, 

(Io-I3)/I3). The three subsequent additions to the ACN extract of the soil sample 

were carried out directly into the measuring microcuvette, being the 

concentrations of TNT added in each analysed portion 0, 50, 100 and 150 µg·L-1 for 

unspiked and three spiked portions, respectively. A linear curve with the standard 

addition data was plotted ((Io-I)/I versus TNT added) and the corresponding 

equation was obtained. Using the slope and intercept, the initial concentration of 

TNT in the unknown soil sample was calculated. 

RESULTS AND DISCUSSION 

The development of the proposed TNT-fluorosensor as well as the analytical 

application, analysis of TNT in soil samples, are described below. Although this 

reaction between a nitro-compound (i.e. picrate) and creatinine has been used for 

many years in the quantitative estimation of creatinine,[39-41] the use of creatinine 

as reagent for the determination of nitroaromatic explosives has not been reported 

yet. The fundament of the fluorosensor is based on the selective interaction 

between the TNT and creatinine and the quenching effect observed on the original 

fluorescence of creatinine-capped CdSe/ZnS QDs when TNT is added.  A schematic 

picture of the fluorosensor operating principle is shown in Scheme 1. 
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Scheme 1. A schematic picture of the fluorosensor operating principle. 

Fluorescence characterization of Creatinine-capped CdSe/ZnS nanoparticles 

The procedure of preparation of creatinine-capped QDs to be used as reagent 

solution was very simple, fast and reproducible. The creatinine-capped CdSe/ZnS 

obtained was highly fluorescent and stable for about 6 days. In Fig. 1A is shown the 

fluorescence spectrum of creatinine-QD in water which presents its maximum 

emission peak at 583 nm (under excitation at 370 nm). It can be seen the line width 

of the FL spectrum is relatively narrow (FWHM ~45 nm), indicating that the 

creatinine-QD nanoparticles are nearly monodisperse and uniform. It is also shown 

the excitation spectra for creatinine-QD. In Fig 1B are presented the corresponding 

quenched spectra for QD-creatinine-TNT complex when 50 µg·L-1 of TNT were 

added. 
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Figure 1. (A) Fluorescence emission and excitation spectra for creatinine-CdSe/ZnS 
QDs; (B) Fluorescence spectra for creatinine-QDs and for TNT-creatinine-QDs 
complex when 50 µg·L-1 of TNT were added. λexc = 370 nm 

Effect of creatinine/QD ratio on fluorescence quenching response 

The effect of the creatinine/QD ratio on fluorescence quenching response of 

QD-creatinine-TNT complex was studied.  The creatinine/QD ratio used for the 

preparation of the creatinine-capped QDs nanoparticles was studied by changing 

the concentration of creatinine between 2-20 mg·mL-1 and maintaining constant 

the QDs concentration at 0.04 mg·mL-1. Thus, the creatinine/QD ratio (expressed as 

w/w) was studied in the range 50-500. For each proportion the analytical response 

was measured as Io/I , being Io the original fluorescence intensity of the creatinine-

QD and I the fluorescence intensity when 50 µg·L-1 of TNT were added. As can be 

seen in Fig. 2A., the fluorescence quenching increased with increasing creatinine 

concentration up to ca. 5 mg·mL-1 and from this value, higher amounts of creatinine 

led to lower quenching responses. So the maximum sensitivity was reached with 5 

mg·mL-1 creatinine which corresponds to a creatinine/QD ratio of 125. Therefore, a 
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creatinine/QD ratio of 125 was selected to prepare the creatinine-QD nanoparticles 

used as reagent solution. 

 

Figure 2. (A) Effect of the creatinine/QD ratio (from 50 to 500, expressed as w/w) 
and (B) Effect of the pH (from 7 to 12) on the fluorescence quenching response.  
The analytical response was measured as Io/I, being Io the original fluorescence 
intensity of the creatinine-QD and I the fluorescence intensity when 50 µg·L-1 of 
TNT were added.  

Effect of pH on fluorescence quenching response 

The pH of the creatinine-QDs solution had great effect on the fluorescence 

quenching response. The effect of pH on reaction between TNT and creatinine-

capped QDs was investigated from pH 7 to 12. As can be seen in Fig. 2B the 

maximum quenching of fluorescence intensity occurred when pH value was 11.  

This was expected since it is well-known that the reaction between creatinine 

and TNT needs an alkaline medium. The reaction takes place through the 

interaction of TNT with the creatinine carbanion. So, it was necessary a high pH to 

convert the creatinine on the QD surface to its carbanion form. 
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Mechanism of interaction between Creatinine-capped CdSe/ZnS and TNT 

This fluorosensor is based on the selective interaction between creatinine and 

nitroaromatic compounds according to the well-known Jaffé reaction. It has been 

reported positive reactions between creatinine and the majority of nitroaromatic 

compounds. Evidences have shown that the species formed as the product of 

reaction between creatinine and alkaline nitroaromatics (i.e. picrate) in the Jaffé 

reaction is a Janovsky complex.[42,43] We consider that the formation of the 

Janovsky complex must be the origin of the fluorescence intensity quenching 

through the energy transfer. Based on mechanistic data of Jaffé reaction in the 

literature, we postulated the interaction between the creatinine-QD complex and 

TNT as follows. Under the working conditions, creatinine on the surface of QDs is 

converted to a carbanion under alkaline conditions through the abstraction of a 

proton from its methylene carbon. After, when the analyte is added, TNT reacts 

with the creatinine carbanion to form the Janovsky complex according to the 

following reactions. 

QD-Creatinine  OH¯       QD-Creatinine¯  H2O 

QD-Creatinine¯  TNT    Janovsky complex 

After the formation of the Janovsky complex, the fluorescence of creatinine-

capped CdSe/ZnS QDs quenches because electrons of the QDs transfer to the TNT. 

Nitroaromatic compounds, such as TNT, are electron deficient analytes and can act 

as electron acceptors for photoexcited electrons of the QDs. Therefore, the 

fluorescence quenching of the QD-creatinine nanoparticles is achieved through an 

electron-transfer donor–acceptor mechanism when the analyte binds to form the 

QD-creatinine-TNT complex.  
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Analytical figures  

The fluorescence response of the creatinine-QD upon addition of increasing 

amounts of TNT (between 10-300 µg·L-1) was measured (Fig. 3). With an increase in 

TNT concentration, the fluorescence intensities of creatinine-QD were successively 

decreased. Thus, it was found that the quenching effect of TNT on the fluorescence 

intensity could be used to develop a fluorosensor for TNT determination. 

The fluorescence quenching response was best described by the Stern-Volmer 

equation (1): 

 

where Io the fluorescence intensity of the creatinine-QD and I the fluorescence 

intensity of the TNT-creatinine-QD complex, Ksv is the Stern–Volmer constant and 

[Q] is the TNT quencher concentration. The calibration plot of Io/I versus 

concentration of TNT was linear in the range 10-300 µg·L-1 (R2=0.996). The limit of 

detection, calculated following the 3σ IUPAC criteria, was 3.37 µg·L-1 of TNT. The 

precision of the method expressed as relative standard deviation was determined 

in terms of repeatability (n=6) at concentration level of 40 µg·L-1 obtaining a R.S.D. 

value of 2.45 %. The interday reproducibility of producing the creatinine-QD 

reagent solution was also evaluated obtaining a R.S.D. of only 3.30 %. 
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Figure 3. Fluorescence quenching spectra of creatinine-QD (λexc = 370 nm) with 
increasing concentration of TNT (between 10-300 µg·L-1); In the inset, the 
calibration data plotted as Io/I vs. [TNT]. The line represents the fitting to the data 
points according to the Stern–Volmer eq. (1).  

Selectivity of the method for TNT  

Fluorescence quenching experiments of the creatinine-QD upon addition of 

different nitroaromatic compounds were conducted to examine the selectivity of 

the method for TNT. The nitroaromatic compound selected were 2,4-dinitrotoluene 

(2,4DNT) and 2-nitrotoluene (2NT), so they were subjected to the same analytical 

procedure described above. The quenching response obtained for the three 

analytes at a concentration of 50 µg·L-1 is presented in Fig.4. The fluorescence 

quenching percentage was calculated as follows (2): 
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where Io the original fluorescence intensity of the creatinine-QD and I the 

fluorescence intensity when 50 µg·L-1 of analyte were added. The fluorescence 

quenching percentages obtained for each analyte were 37.3%, 16.7% and 5.1% for 

TNT, 2,4DNT and 2NT, respectively. Thus, it was found that the fluorescence 

quenching increased with the nitration degree of the molecule.  

 

Figure 4. Fluorescence quenching spectra of the creatinine-QD upon addition of 
three nitroaromatic compounds: 2,4,6-trinitrotoluene (TNT), 2,4-dinitrotoluene 
(2,4DNT) and 2-nitrotoluene (2NT) at a concentration of 50 µg·L-1, under the 
working conditions. On the right, the fluorescence intensities at the maximum 
emission (583 nm) before (Io) and after (I) the addition of the different analytes are 
presented as bars graphs. 

Greater quenching for TNT as compared to 2,4DNT and 2NT could be explained 

by the higher electron accepting character due to the presence of a greater number 

of nitro groups bound at the toluene unit. These results are in agreement with 
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those previously reported on the fluorescence quenching of pyrene by nitrated 

compounds.[44] As noted previously by Goodpaster and McGuffin,[44] the addition of 

an electron-withdrawing nitro group significantly increases the Stern–Volmer 

quenching constant for 2,6-dinitrotoluene compared to 4-nitrotoluene using 

pyrene as reference fluorophore. Therefore, the proposed method can work more 

selectively for TNT, resulting from its higher electron-accepting character over 

others nitroaromatic explosives.  

Application to soil samples  

Traditionally, determination of explosives in soil served either forensic or 

hazardous waste investigations. More recently, there is interest in ultrasensitive 

methods to determine the chemical signature associated with buried land mines.[45] 

Because of TNT is the least mobile and most widely found explosive in the soil, the 

detection of this explosive in soil samples are of paramount importance. Therefore, 

it is absolutely clear that analytical methods for determining TNT content in 

environmental systems, such as soil samples, are required.  

To investigate the potential practical application of the proposed method, the 

detection of TNT in the acetonitrile (ACN) extract of a soil sample was carried out. 

Blank matrices of reference soil samples were spiked with the standard solution of 

TNT at different concentrations between 0.10–3.00 µg·g-1 (yielding concentrations 

10–300 µg·L-1 in the ACN slurry). After, the extraction of TNT from spiked soil 

samples was carried out by lixiviation according to a previously validated 

procedure.[38] Finally, the ACN extracts of the soil samples were directly analyzed 

following the optimized analytical procedure above detailed.  
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The calibration plot with spiked soil samples was linear in the range 10–300 

µg·L-1 (R2=0.997). The limit of detection, calculated following the 3σ IUPAC criteria, 

was 5.7 µg·L-1 of TNT (equivalent to 0.057 µg·g-1 of soil). The calibration graph 

obtained with spiked soil samples is presented in Fig. 5 together with the 

calibration from the standards in water. As can be seen from the comparison, the 

slopes are significantly different indicating that matrix effect exists. As the 

composition of a soil can vary greatly, the matrix effect can not be corrected using 

matrix matching. For that reason, it was mandatory to use a standard addition 

method (described in experimental section) for determining the TNT concentration 

in real unknown soil samples.  

 

Figure 5. Comparison of the calibration curve obtained with spiked soil samples 
with that obtained from the TNT standard solutions in water. 

The standard addition method was investigated by spiking a blank soil matrix 

with different concentrations of TNT to be used as synthetic soil samples. A 

representative standard addition calibration curve for a spiked soil sample (with 50 
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µg·L-1 of TNT) is provided in Fig. 6. The results obtained for the analysis of soil 

samples using the standard addition procedure are shown in Table 1. As can be 

seen, the found TNT amounts coincide with the amounts added to soil sample, 

indicating that the extraction procedure is quantitative. The recoveries values were 

between 94.3 and 103.3 %. The precision of the method was evaluated analyzing 

replicates of a soil sample spiked with 50 µg·L-1 TNT by the standard addition 

procedure, obtaining a RSD of 5.8 %. 

 

Figure 6. Calibration curve for a spiked soil sample (with 50 µg·L-1 of TNT) by the 
proposed fluorimetric method using the recommended standard addition 
procedure. Equation of straight line y = 0.021x + 1.044, R2 = 0.995. “Zero-point” 
TNT concentration ([TNT]sample) is obtained as follows y = 0 : x = –49.71 and 
[TNT]sample= 49.71 µg·L-1. 
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Table 1. Results obtained for the analysis of soil samples using the standard 
addition procedure. 

Soil samples 
TNT added 

(μg·L-1) 

TNT found 

(μg·L-1) 

Recovery 

(%) 

Sample 1 20 18.86 94.3 

Sample 2 50 49.71 99.4 

Sample 3 75 77.52 103.3 

Sample 4 100 97.6 97.6 

Sample 5 150 150.9 100.6 

 

CONCLUSION 

In conclusion, it has been demonstrated the potential application of a 

fluorescent creatinine-capped CdSe/ZnS QDs probe to develop a new fluorescence 

sensor for the detection of TNT. The fundament of the fluorosensor was based on 

two facts: first, the selective interaction between the TNT and creatinine achieved 

by the Jaffé reaction, and secondly, the fluorescence quenching effect produced on 

the original fluorescence of creatinine-CdSe/ZnS QDs when TNT is added and a 

TNT-creatinine-QD complex is formed. Studies on the selectivity of the proposed 

method showed that TNT can generate a more intense signal response than the 

other studied nitroaromatic compounds owing to its higher electron-accepting 

character. The potential practical application of the proposed method for the 

determination of TNT in soil samples was also demonstrated. Therefore, we 

consider that the synthesized creatinine-modified QDs are excellent nanomaterials 

for TNT detection in soil samples and their use could be extended to other 

environmental matrices of interest.  
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Colistin-functionalised CdSe/ZnS Quantum Dots as fluorescent 

probe for the rapid detection of Escherichia Coli 

C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel 

Department of Analytical Chemistry, University of Córdoba, E-14071 Córdoba, Spain. 

Intensely fluorescent, colistin-functionalised CdSe/ZnS QDs (Colis-QDs) 

nanoparticles, are synthetized and used as sensitive probes for the detection of  

E. Coli, a gram-negative bacteria. Colistin molecules are attached to the terminal 

carboxyl of the mercaptoacetic acid-capped QDs in the presence of 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide hydrochloride (EDC) and N-hydroxy 

succinimide (NHS) as amide bond promoters. The TEM analysis of bacteria treated 

with Colis-QDs conjugates showed the accumulation of Colis-QDs in the cell wall 

of E. Coli. Under the recommended working conditions, the method provides a 

detection limit as few as 28 E. Coli cells per mL, which is competitive which more 

elaborate detection systems. The simplicity of the method together with short 

analysis time (<15 min, without including preparation and photoactivation of the 

Colis-QDs conjugate) makes the proposed approach useful as quick bacteria 

screening system. 
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INTRODUCTION 

Semiconductor nanocrystals, known as “quantum dots” (QDs), have 

demonstrated several remarkable, attractive optoelectronic characteristics 

especially suited to analytical applications in the (bio)chemical optical sensing field.  

To date QDs have been widely used to develop inexpensive, sensitive and selective 

luminescent sensors for a range of environmental, medical and other analytes. 

Examples include toxic metals, pesticides and other pollutants, explosives, drugs 

and a range of biological molecular species (such as antibodies, enzymes, proteins 

or nucleic acids) (Zhang et al., 2010). However, QD-based sensors research for 

living biological systems (e.g., cells, tissues, or whole organisms) is still at an early 

stage. 

Rapid, simple and sensitive approaches for bacteria detection are essential for 

applications such as food safety, clinical diagnosis and therapies, and 

environmental monitoring, to allow faster decisions in dealing with public health 

issues such as food poisoning, water pollution or disease outbreaks.  

Two limiting features for the rapid detection of bacteria are the achievement 

of (i) short to real-time detection and (ii) sensitivity. To reduce the time required 

for target detection, a minimal amount of sample manipulation is essential. The 

sensitivity of the detection method has to be high enough to eliminate the need for 

target amplification and enrichment steps. On one hand, traditional methods for 

the detection of trace amounts of bacteria require amplification or enrichment of 

the target bacteria in the sample prior to analysis (Deisingh et al., 2004; Iqbal et al., 

2000). These methods tend to be laborious and time-consuming because of the 

complicated assay procedures (Ibekwe et al., 2003; Kourkine et al., 2003; Yu et al., 
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2002). Recently, many attempts have been made to improve the sensitivity of 

bacteria detection without the need for target amplification and enrichment (Song 

et al., 2004; Muhammad et al., 2003; Weimer et al., 2001; Ho et al., 2003).  

On the other hand, common fluorophores (e.g., GFP and luciferase) used as 

reporters have two major disadvantages: low signal-to-noise ratio due to 

autofluorescence of clinical samples and of bacterial cells and low photostability, 

such as fast photobleaching. To overcome these disadvantages, we used new 

fluorescent semiconductor nanocrystals, quantum dots (QDs) (Bruchez et al., 1998; 

Jaiswal et al., 2003). QDs are colloidal semiconductor (e.g., CdSe) crystals of a few 

nanometers in diameter. They exhibit broadband absorption spectra, and their 

emissions are of narrow bandwidth with size-dependent local maxima. The 

luminescent QDs fluorescence emission wavelength could be continuously tuned 

by changing the particle size (Sukhanova et al., 2004), and simultaneous excitation 

of different-sized QDs could be achieved using only a single wavelength. The 

presence of an outer shell of a few atomic layers (e.g., ZnS) increases the quantum 

yield and further enhances the photostability, resulting in photostable fluorescent 

probes superior to conventional organic dyes. Recently, development in surface 

chemistry protocols allows conjugation of biomolecules onto these QDs to target 

specific biological molecules and probe nanoenvironments (Dubertret et al., 2002; 

Yao et al., 2005; Hahn et al., 2005; Gao et al., 2005).  

However, the reports of QDs for microorganism detection are limited. Zhu et 

al. (Zhu et al., 2004) published a dual-color imaging of two different QDs antibody 

bioconjugates for two species of bacteria, Cryptosporidium parvum and Giardia 

lamblia. Wang et al. (Wang et al., 2007) used QDs as the fluorescent marker to 

detect Listeria monocytogenes. QDs have also been used for detection of E. coli 
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O157:H7 (Su et al., 2004) and Salmonella Typhimurium (Yang et al., 2005), and QDs 

were found more sensitive than using fluorescein isothiocyanate as fluorescent 

labels. It was also reported on the use of QDs as fluorescent labels for simultaneous 

detection of E. coli O157:H7 and S. Typhimurium (Yang et al., 2006). More recently, 

multiplexed analysis of two pathogenic bacteria, B. anthracis spores and Y. pestis, 

was achieved by using specific antibodies labeled with different QDs (Zahavy et al., 

2010). In all these articles, the recognition between the QDs and the target bacteria 

is based on antigen-antibody affinity, showing that QDs are suitable for use in 

biological detection and immunoassays. Other novel strategies exploit E. coli 

recognition of mannosides using carbohydrate-functionalised nanoparticles, e.g. 

mannose coated CdS QDs (Mukhopadhyay et al., 2009). 

Colistin, an old cyclic polypeptide antibiotic also known as polymyxin E, has 

attracted more interest recently because of its significant activity against multi-

resistant gram-negative bacteria, including Pseudomonas aeruginosa , 

Acinetobacter baumannii, Klebsiella pneumonia and Enterobacter species (Lia et al., 

2005; Evans et al., 1999; Stein et al., 2002). It is a bactericidal drug that interacts 

with lipopolysaccharide (LPS) molecules in the outer membrane of gram-negative 

bacteria, leading to displacement of divalent cations from the phosphate groups of 

membrane lipids, which stabilize the LPS membrane, thus causing derangement of 

the cell membrane. This results in an increase in the permeability of the cell 

membrane, leakage of cell contents, and ultimately cell death. In addition to its 

bactericidal effect, colistin also has potent anti-endotoxin activity. The endotoxin of 

gram-negative organism is the lipid A portion of LPS molecule and colistin binds 

and neutralizes this LPS molecule, preventing the pathophysiologic effects of 
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endotoxin in the circulation (Davis et al., 1971; Newton et al., 1956; Schindler et al., 

1979). 

In this paper, a rapid, simple, and efficient fluorescence-based QDs method for 

gram-negative bacteria detection was developed using colistin-functionalised 

CdSe/ZnS QDs (Colis-QDs) as fluorescence marker and Escherichia coli (E. coli) acted 

as detection target bacteria. To the best of our knowledge, it was the first example 

to use colistin-modified nanoparticles for detection of bacterial cells. The synthesis 

of the Colis-QD conjugate involved the derivatization of CdSe/ZnS QDs with 

carboxylic groups on the surface followed by the covalent attachment to colistin 

molecules via the formation of amide linkages. The potential application of this 

Colis-QDs conjugate for the sensitive detection of E. Coli bacterial cells was further 

demonstrated. 

MATERIALS AND METHODS 

Reagents  

All chemical reagents were of analytical grade and used as purchased with no 

additional purification. Cadmium oxide (99.99%), trioctylphosphine oxide (TOPO, 

99%), trioctylphosphine (TOP, 90%), selenium (powder, 100 mesh, 99.99%), 

diethylzinc solution (ZnEt2, 1 M in hexane), bis(trimethylsilyl) sulphide ((TMS)2S), 

anhydrous methanol and anhydrous chloroform were purchased from Sigma 

Aldrich (Madrid, Spain). Hexylphosphonic acid (HPA) was obtained from Alfa Aesar 

(Karlsruhe, Germany). 2-mercaptoacetic acid (MAA, 97%), tetrabutylammonium 

hydroxide solution (~0.8 M in methanol), 1-ethyl-3-(3-dimethylaminopropyl)-

carbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS) and colistin 

sulphate (Colis) were also purchased from Sigma Aldrich. 



 Luminiscencia de QDs 

 

377 

 

Escherichia coli O157:H7 was provided by the Spanish Center of Type Culture 

Collection (CECT). The bacteria strains were received as freeze-dried samples and 

stored in a fridge at 4°C until use. The resuspension of the freeze-dried samples 

were carried out following the instructions supplier's instructions. Tryptosa Soya 

Broth (TSB) culture medium was purchased from Oxoid (Madrid, Spain). 

Instrumentation  

Fluorescence emission spectra were measured on a PTI QuantaMasterTM 

Spectrofluorometer (Photon Technology International) equipped with a 75 W 

xenon short arc lamp and the model 814 PTM detection system. FeliX32 software 

was used for fluorescence data collection and analysis which also controlled the 

whole instrument. Differentiation is done using the Savitzky-Golay algorithm, which 

provides a smoothed first-derivative of the original fluorescence spectra. The slits 

for excitation and emission widths were both 5 nm. All optical measurements were 

carried out in 10 mm quartz microcuvettes at room temperature under ambient 

conditions. 

Synthesis of colistin-functionalised CdSe/ZnS QDs conjugate 

Core-shell quantum dots (ZnS-capped CdSe) were synthesized using CdO as 

precursor via the procedure described by Peng’s group (Peng et al., 2001). Briefly, 

0.03 g of CdO, 0.11 g of HPA and 3.5 g of TOPO were loaded into a 100 mL glass 

three-neck flask. The mixture was heated to 300–310 ºC under nitrogen 

atmosphere for 15 min to allow the complete dissolution of CdO in HPA and TOPO. 

After cooling the temperature of the solution down to 270 ºC, 1.2 mL of selenium 

stock solution was swiftly injected. The selenium stock solution was prepared by 

dissolving 0.0255 g of selenium powder in 1.5 mL of TOP, to produce a 0.215 M 



Capítulo 8 

 

 

378 

 

stock solution of trioctylphosphine selenide (TOP-Se). Nanocrystals were left to 

grow for about 20 min at 250 ºC. Subsequently, 1.5 mL of the Zn/S/TOP stock 

solution (1.75 mL ZnEt2, and 0.26 mL (TMS)2S in 10.25 mL TOP) was added dropwise 

to the mixture under vigorous stirring. The mixture was then cooled to 90 ºC and 

stirred for several hours. After cooling down the solution to room temperature, the 

QDs solution was transferred to a glass vial and diluted with 10 mL of chloroform 

anhydrous. Then, the synthesized QDs were purified by adding 10 mL of methanol 

to 10 mL of the QDs chloroform solution, QDs were precipitated, collected by 

ultracentrifugation (at 13.000 rpm) and washed twice with methanol. The purified 

TOPO-capped CdSe/ZnS QDs were then dispersed in chloroform at 2 mg·mL-1 and 

stored in the darkness. This solution was stable for at least ten months. Most of the 

reagents used during the synthesis of the QDs are toxic. Protective clothing and 

gloves should be worn. Also eye/face protection should be used. No other special 

safety precautions are necessary if the reagents are used correctly. Particularly, 

cadmium oxide and TOPO are very toxic reagents. Care should be taken to avoid 

release of these reagents to the environment. These materials and the containers 

must be disposed as hazardous waste. 

Colis-QDs conjugates were prepared via further surface modification of 

carboxylic-capped QDs with colistin through amide bond, using EDC and NHS as 

reaction promoters as shown in Scheme 1.  

(a) Ligand-exchange reaction to solubilise QDs in water. 0.5 mL of purified TOPO-

capped QDs (in chloroform at 2 mg·mL-1) were added into 2.5 mL of chloroform 

solution containing 1 mL tetrabutylammonium hydroxide and 1 mL MAA to obtain 

the carboxylic-capped QDs. The solution was allowed to react with stirring at room 

temperature for 2 hours. The modified QDs were then separated by 
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ultracentrifugation (at 13.000 rpm), washed three times with phosphate buffer 

(PBS, 10mM, pH 7.4) and finally dispersed in 1 mL PBS and stored in the darkness. 

(b) Attachment of Colistin onto QDs. 500 μL of the previously prepared carboxylic-

capped QDs was activated with 500 μL of EDC (20 mM) and 500 μL of NHS (20 mM). 

After incubating for 30 minutes at room temperature, 200 μL of colistin solution (5 

mg·mL-1) was added to the QD/EDC/NHS mixture. The solution was allowed to react 

at room temperature for 2 hours. The excess of reagents was removed from the 

nanoparticles by ultracentrifugation (at 13.000 rpm) and the Colis-QDs conjugates 

were purified by consecutive washing/centrifugation cycles three times. This step 

for removing unreacted EDC/NHS reagent is necessary to avoid non desired 

reaction with the bacteria. Finally, the Colis-QDs conjugates were redispersed in 2 

mL PBS obtaining a concentrated solution with a concentration of ~ 0.25 mg·mL-1 

QDs and ~ 0.5 mg·mL-1 colistin. This concentrated solution of Colis-QDs was stable 

for at least one week and it was used to prepare the diluted working solution. 

Bacterial culture 

E. Coli strains were cultured following manufactures’ culturing guidelines. 

Typically, E. coli strain was cultured in TSB culture medium at a concentration of 30 

g·L-1 and grown at 37 ºC for 6 h. A 10-fold dilution in PBS of this mother growth 

medium was subsequently made and the diluted cell suspension was used in the 

experimental assays. All solutions and materials were prepared in sterilised tubes 

and ultra-pure Milli-Q water was used throughout. The bacterial concentration of 

standards was determined by the Most Probable Number (MPN) method. (see in 

the supplementary material). The estimated concentration of the diluted cell 

suspension was 9.3 103 E. Coli cells/mL. 
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Assay procedure 

The Colis-QDs reagent solution was prepared fresh just before use. A 10-fold 

dilution of the concentrated Colis-QDs solution was made by adding 200 μL of the 

previously prepared Colis-QDs solution to 2 mL of PBS. Then, the Colis-QDs solution 

was photoactivated under exposure to a UV lamp for 1 hour. 

The analysis procedure was as follows: 50 µL of bacteria suspensions at 

different concentrations were added directly into the fluorescence microcuvette 

containing 300 µL of the Colis-QDs solution. The mixture was gently shaken and 

incubated at room temperature for 8 min and then, the fluorescence emission 

spectra was recorded (under excitation wavelength of 400 nm). The first-derivative 

fluorescence spectra was obtained and the intensity of the first-derivative signal at 

550 nm (Int. D1
550) was used as analytical signal. The percentage of quenching was 

calculated as [(So - S)/ So] x100 %, where So and S are the intensities of the first-

derivative signal at 550 nm before and after the bacteria addition respectively. 

To prepare samples for TEM, 20 µL E. Coli bacteria (9.3 103 cells/mL) was 

added to 300 µL of the Colis-QDs solution and left to incubate for 15 min at room 

temperature. After this time, 5 µL of bacteria-Colis-QDs mixture was dropped onto 

a carbon-coated Formvar-filmed Cu grid and allowed to dry overnight. Carboxylic-

capped QDs treated under the same conditions were used as a control. 
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RESULTS AND DISCUSSION 

Preparation and characterization of Colistin-functionalised CdSe/ZnS QDs 

The procedure of preparation of Colistin-functionalised CdSe/ZnS QDs (Colis-

QDs) to be used as reagent solution was based on the EDC/NHS coupling chemistry. 

Core-shell CdSe/ZnS QDs were first derivatized with 2-mercaptoacetic acid (MAA) 

to render these nanocrystalline semiconductors water-soluble and introduce 

carboxylic groups on the QDs surface, obtaining carboxylic-capped CdSe/ZnS QDs. 

The ligand-exchange reaction was significantly improved with the use of an organic 

base (e.g. tetrabutylammonium hydroxide) to first remove the thiolic hydrogen of 

the MAA. The as-prepared carboxylic-QDs in water contained excess MAA, which 

must be removed because it inhibits the coupling reaction for colistin attachment. 

It is well-known that alkly alkyl thiols are deactivators of 1-ethyl-3-(3-

dimethylaminopropyl)-carbodiimide (EDC), the promoter used to couple amine-

groups of colistin onto the carboxylic-QDs. These unbound MAA ions was removed 

following the intense purification process described in section 2.3. Afterwards, 

colistin molecules were attached to the carboxylic-QDs through amide bond linkage 

using EDC and NHS as reaction promoters.  

The Colis-QDs in the fresh aqueous solution originally emitted a weak 

fluorescence, with a broader spectrum profile. However, upon exposure to a UV 

lamp for 1 hour the fluorescence emission was gradually enhanced up to a stable 

level with a narrower profile. This photoactivation was found to be always 

necessary and resulted in an increase of the measured fluorescence and its 

stability. Such photoactivation process is well known and has been attributed to 

different mechanisms such as the photoinduced surface reconstruction of the 
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surface atoms of the nanocrystals (Silver et al., 2005; Carrillo-Carrion et al., 2009). 

Once photoactivated, the Colis-QDs conjugate obtained was highly fluorescent and 

stable. In Figure 1A is shown the fluorescence spectra of Colis-QDs in PBS which 

presents its maximum emission peak at 575 nm (under excitation at 400 nm). It can 

be seen the line width of the FL spectra is relatively narrow (FWHM ~ 45 nm), 

indicating that the Colis-QD nanoparticles have a narrow size distribution. It is also 

shown the excitation spectra for Colis-QDs. A comparison with the fluorescence 

spectra of the carboxylic-QDs showed that the fluorescence peak position of Colis-

QDs was blue-shifted by about 6 nm. This blue-shift of maximum emission peak 

was due to the conjugation of colistin molecules with CdSe/ZnS QDs by covalent 

bond. The conjugation via the linking of the carboxylic groups on QDs and the 

amino groups of colistin could weaken the dipole–dipole interaction and shorten 

the Stokes' shifts, leading to the blue-shift of emission peaks. The same effect was 

previously reported for the conjugation of QDs with several antibodies via EDC/NHS 

coupling (Dong et al., 2010; Dong et al., 2009). It just indicated that the conjugates 

between QDs and colistin had formed. It is also shown in Fig. 1A that the 

fluorescence intensity of colis-QDs was enhanced compared with carboxylic-QD 

(note that the QD concentration in carboxylic-QD was double than in the colis-

QDs). It is possibly due to the surface passivation of some defects on the surface of 

the carboxylic-QDs during the conjugates formation (Jiang et al., 2007). 

Raman spectra were additionally employed to characterize the synthetised 

Colis-QDs conjugate (Figure 1B). What was first observed as predominantly 

different between the carboxylic-QDs and the Colis-QDs conjugate was the 

presence of bands characteristic to the colistin molecules indicating the effectively 

attachment of colistin molecules to the QD. The possibility of adsorption was ruled 
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out since the Colis-QDs conjugate was subjected to an intense process of 

purification after synthesis, and therefore the possible excess of colistin molecules 

adsorbed on the QDs surface was removed.  

 

Figure 1. (A) Excitation and emission fluorescence spectra of carboxylic-QDs 
(dashed-dotted line) and Colis-QDs (solid line), both after exposure for 1 h under 
UV lamp. The QD concentration in the carboxylic-QDs solution was ~ 0.05 mg·mL-1, 
whereas in the Colis-QDs conjugate the concentration of QDs was ~ 0.025 mg·mL-1. 
(B) Raman spectra of carboxylic-QDs (1), colistin (2) and Colis-QDs conjugate (3). All 
spectra were superimposed in one graph. 
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As can be seen, the spectra of carboxylic-QDs (spectra 1) exhibited three bands 

– at 207, 285 and 408 cm-1. The strongest band at 207 cm-1 corresponds to the 

longitudinal optical (LO) phonon of the CdSe core and its overtone (2LO) is 

observed at 408 cm-1, while the band at 285 cm-1 can be interpreted as the 

transverse optical (TO) mode of the ZnS shell (Torchynska et al., 2007). The absence 

or reduction of these bands in the Colis-QD conjugate (spectra 3) seemed to 

indicate that effectively the colistin was linked to the QD thereby reducing their 

characteristic optical phonon signals. It could be explain by the high surface-

coverage of the QD with the colistin molecules, which are quite larger than the 

mercaptoacetic acid ligands, and therefore QDs may be buried in a in a further 

thick layer of colistin. 

It is well-known that the appearance of new bands or significant shifts in 

existing bands in the Raman spectra of a molecule is indicative of a strong chemical 

interaction. The position of the 980 cm-1 peak in colistin alone (spectra 2) was 

shifted to 1000 cm-1 in the Colis-QD conjugate, suggesting the presence of a change 

in the molecular structure as a result of bond formation between the QD and 

colistin.  

Fluorescence response of Colis-QDs conjugates to Gram-negative bacteria 

The Colistin-functionalised CdSe/ZnS QDs (Colis-QDs) were designed for 

recognizing Gram-negative bacteria based on the affinity binding between colistin 

antibiotic and such type of bacteria. This interaction was transduced thought the 

changes observed on the fluorescence spectra of the Colis-QDs conjugate after 

their binding with bacterial cells.  
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Since the molecule of colistin has several primary amine groups, we are not 

able to determinate which is linked to the QD surface. Nevertheless, the 

immobilized colistin molecules retain their capability of bacteria recognition on the 

QD surface and enable to efficiently bind gram-negative bacterial strains. Due to 

this fact and the observation that the fluorescence of the Colis-QDs changes when 

the bacteria binds, this Colis-QDs conjugate could be used to develop the bacteria 

sensor. 

In Fig. 2A are presented the corresponding quenched fluorescence spectra for 

Colis-QDs conjugate when different amount of E. Coli bacteria were added. The 

fluorescence emission spectra, when subjected to first derivatization (D1), showed 

two peaks at 550 and 590 nm (Fig. 2B). The percentage of quenching using the 

intensities of the first-derivative signal at 550 nm before and after the bacteria 

addition was used as analytical parameter to quantify the bacteria concentration. 

We propose the use of the first-derivative spectra to reduce error caused by 

scattering and thus improve the accuracy of quantification. Because scattering is a 

common problem in biological analyses resulting from the measurement of small 

particulates present in the sample, it is common the use of derivatives to 

discriminate against scattering components. 

As can be seen in Fig. 2A, quenching of fluorescence is accompanied by a blue-

shift of the PL emission peak after the interaction of bacteria with the Colis-QD 

conjugate. The result showed that the PL spectra blue-shifted as the amount of 

bacteria increases and this dependence was found to be linear over the range 

studied (see Fig. S1 in supplementary material). The "blue-shift" was directly 

related to the binding process. This blue-shift observation has already been 

reported for CdSe/ZnS nanocrystal-labels upon DNA-hybridization (Riegler et al., 
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2008). Therefore the blue shift seems to be caused by an energy-transfer process 

that is related to bacteria binding or by selective quenching of the QD 

luminescence and light scattering (Gryczynski et al., 2006). So far, it was not 

possible to explain this phenomenon fully. Nevertheless, it is an interesting 

observation which may pave the way for potential QD-based in-vivo sensors. 

 

Figure 2. Analytical response of the Colis-QDs conjugate upon addition of 

increasing amounts of E. Coli between 1.3 102  1 103 cells/mL (from 0 6): (A) 
fluorescence emission spectra (λexc = 400 nm), (B) first-derivative fluorescence 
emission spectra, (C) calibration graph using the quenching percentage of the first-
derivative signal at 550 nm as quantification parameter. Data plotted as % 
quenching vs. E. Coli concentration. 



 Luminiscencia de QDs 

 

387 

 

Mechanism interaction between E. Coli and Colis-QDs conjugate 

It has long been believed that polymyxins, such as colistin (polymyxin E), elicit 

their bactericidal effects by binding to and disrupting the action of LPS, the major 

antigen of the outer membrane of Gram-negative bacteria (Tsubery et al., 2000). 

LPS, whose thickness is about 8-10 nm, contains three major structural 

components: lipid A, a core oligosaccharide, and an outer polysaccharide 

composed of repeating hetero-oligosaccharide subunits. Lipid A is a hydrophobic, 

lipid-rich moiety that also is the most highly conserved part of the structure. The 

proposed binding model for the polymyxin-LPS conjugate involves the hydrophobic 

interaction between the nine-carbon fatty acid side chain of the polymyxin and the 

fatty acid portion of lipid A. Also proposed to contribute to binding is the ionic 

interactions between the side chain amino groups of the polymyxin peptide cycle 

(positively charged in physiological pH conditions) and the negatively charged 

phosphate groups of the lipid A disaccharide (Koch et al., 1999; Martin et al., 2003). 

Though the exact mechanism of the interaction between the synthesized colis-

QD nanoparticles and the constituents of the outer membrane of E. Coli is 

unfortunately still unresolved, we speculate that the linking between the QD and 

colistin will be through one of the amino groups of the peptide cycle. Thus the fatty 

acid side chain of the colistin is accessible to interact with the lipid A on the surface 

of the gram-negative bacteria according to the above commented mechanism of 

action. The putative interaction is illustrated schematically in Scheme 1. 
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Scheme 1. Preparation of the colistin-functionalised CdSe/ZnS QDs conjugate 
(Colis-QD) and a schematic representation of the proposed interaction between 
the colis-QD nanoparticles and the lipid A of the outer membrane of E. Coli. 

TEM microscopy was used to evaluate the surface morphology of bacteria 

treated with Colis-QD conjugate. Figure 3 displays TEM micrographs of E. Coli 

bacteria incubated for 15 min with Colis-QDs conjugates. The Colis-QDs coated the 

entire surface of the E. Coli cell wall because it is a colistin-sensitive bacteria. This 

observation clearly indicated that effective Colis-QDs probes capable of attaching 

onto the surface of E. Coli could be fabricated. It was also found that Colis-QDs 

nanoparticles tended to form aggregates on the outer membrane of bacteria, and 

thus E. Coli cell was enwrapped with a layer filled with Colis-QD aggregates. 
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Figure 3. TEM micrographs of E. Coli bacteria incubated for 15 min with Colis-QDs 
conjugates (A) and carboxylic-capped QDs as a control (B). 

Study of assay conditions 

The assay conditions were optimized as a function of three parameters; 

namely, the Colistin/QD ratio for preparing Colis-QDs conjugate, the incubation 

time and the effect of pH on the ligand–receptor interaction between E. Coli and 

Colis-QDs. 

The Colistin/QD ratio used for the preparation of the colistin-functionalised 

QDs nanoparticles was studied by changing the concentration of colistin between 

0.05–2 mg·mL-1 and maintaining constant the QDs concentration at 0.2 mg·mL-1. 

Thus, the Colistin/QD ratio (expressed as w/w) was studied in the range 0.25–10. 

For 300 µL-aliquots of each proportion the fluorescence quenching response of 

bacteria-Colis-QD complex was measured after the addition of 20 µL E. Coli bacteria 

(9.3 103 cells/mL). As can be seen in Fig. S2 (in supplementary material), the 

fluorescence quenching increased with increasing colistin concentration up to 0.4 

mg·mL-1 and from this value, higher amounts of colistin led to lower quenching 

responses. So the maximum sensitivity was reached with 0.4 mg·mL-1 colistin which 
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corresponds to a colistin/QD ratio of 2. Therefore, a colistin/QD ratio of 2 was 

selected to prepare the Colis-QDs nanoparticles used as reagent solution. 

The incubation time between bacteria and Colis-QDs conjugates was studied. 

After the addition of 20 µL E. Coli bacteria (9.3 103 cells/mL) to 300 µL Colis-QD 

solution, the kinetic curve (λexc 400 nm, λem 575 nm) was registered for 30 min. As 

is clearly shown in Fig. S3, the interaction is quite rapid and it takes only 8 minutes 

to achieve a stable signal and the maximum response. Thus, an incubation time of 8 

min was selected to effectively bind the Colis-QDs conjugates to the bacteria, since 

no distinct changes in the fluorescence signal were observed at longer incubation 

times. 

It was also found that the pH of the Colis-QDs solution had an important effect 

on the fluorescence quenching response. The effect of pH on interaction between 

bacteria and Colis-QDs conjugate was investigated from pH 6 to 10. As can be seen 

in Fig. S4, the quenching response increased when the pH increased from 6 to 7.5 

but then decreased at higher pH. Therefore, the pH 7.4 of the PBS buffer was 

selected as optimum.  This extreme sensitivity to pH is probably due to the 

ionisation/deionisation of amino groups of colistin under different pH conditions. 

This result seemed to indicate that the positive charged amine groups at 

physiological pH play an important role in the interaction with the outer cell 

membrane of gram-negative bacteria as discussed before. 

Analytical performance 

The fluorescence response of the Colis-QDs upon addition of increasing 

amounts of E. Coli between 1.3 102 1 105 cells/mL was studied. Bacteria 

concentrations higher than 1 103 cells/mL led to turbid solutions which produced 
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dispersion of excitation light, thus interfering with the fluorescence measurements. 

For that reason the working concentration interval was limited to 1.3 102 1 103 

cells/mL (in the measuring cuvette). The fluorescence response of the Colis-QDs 

upon addition of bacteria in this range is shown in Fig. 2A. With an increase in 

bacteria concentration, the fluorescence intensities of Colis-QDs conjugate 

decreased successively and it was also accompanied by a blue-shift of the PL 

emission peak. Therefore, the quenching effect of E. Coli bacteria on the 

fluorescence intensity of Colis-QD conjugates could be used to develop the 

proposed bacteria sensor. The calibration graph was constructed using the 

quenching percentage of the first-derivative signal at 550 nm as quantification 

parameter. As can be seen in Fig. 2C, a linear relationship between the % 

quenching and the bacteria concentration was obtained for the concentration 

range from 1.3 102 to 1 103 cells/mL, giving a slope of 0.111  0.002 (b  sb) and a 

regression coefficient of 0.9936 (R2).  

The limit of detection, calculated as LOD=3sy/b (being sy the y-intercept standard 

deviation and b the slope of the calibration curve), was 28 cells/mL of E. Coli.  It 

should be mentioned here, that the detection limit of our method is equal to or 

lower than the most of those quantum dots-based fluorosensors previously 

reported for the detection of various pathogenic bacteria [18-24]. The low number 

of E. Coli cells detected by our method is probably due to the significant 

amplification of the analytical signal because of the many colis-QD conjugates 

attached to the bacteria surface. For a bacteria cell, there are many surface 

molecules available for specific recognition by using LPS-colistin interaction. 

Therefore, lots of colis-QD nanoparticles can bind to each bacteria, thereby 

producing a greatly amplified fluorescence quenching response.  
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The precision of the method expressed as relative standard deviation was 

determined in terms of repeatability (n=5) at concentration level of 2.6 102 

cells/mL obtaining a R.S.D. value of 2.3 %. It is also worth pointing out that the total 

detection time of our method was less than 15 min. 

CONCLUSION 

Colistin has been combined with QDs to synthesize a bacteria sensor. The new 

system allows the determination of only 28 E. Coli cells per mL in 15 min. Sensitivity 

and analysis time which our method opens new avenues for the detection of E. Coli 

and gram-negative bacteria. Similar strategy with the appropriate selection of 

antibiotic should results in the possibility to detect different bacteria strains. 

Because fluoresce of QDs can be controlled and changed by changing their size, it 

should be possible to detect in a single analysis different types of bacteria strains. 

This possibility will be study in further works. 
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Appendix A – SUPPLEMENTARY DATA  
 

S 2.5. Bacterial cultivation 

The bacterial concentration of standards was determined by the Most 

Probable Number (MPN) method. For the selective detection of E. coli in water, 

food and other material, EC broth is the recommended medium for use in MPN [1-

4]. This medium consists of a buffered lactose broth with the addition of 0.15% Bile 

salts in order to inhibit gram-positive bacteria especially bacilli and faecal 

Streptococci, while enhance growth of E. Coli. The MPN method, otherwise known 

as the method of Poisson zeroes, is a statistical method based on diluting 

microorganisms to get quantitative data on concentration of discrete items from 

positive data [5]. MNP is commonly used for the enumeration of several 

microorganisms in water and wastewater analysis (Standard Methods for the 

Examination of Water and Wastewater APHA, AWWA and WPCF, 1989). To 

increase the statistical accuracy of this test, standard MPN procedure uses a 

minimum of three tubes per dilution. After incubation, the pattern of positive 

tubes is noted, and a standardized MPN table is consulted to determine the most 

probable number of microorganisms (causing the positive results) per unit volume 

of the original sample.  

[1] L.J. Harris, M.E. Stiles, E. coli counts in vacuum-packed beef by the MPN 

technique, J. Food Prot. 55, 266 (1992) 

[2] Hajna and Perry, Am. 1 Publ. Health, 33:550 (1943) 

[3] Tennant et al., Can. J. Microbiol., 1:733 (1961) 

[4] Fishbein and Surkiewicz, Appl. Microbiol., 12:127 (1964) 

J. L. Oblinger and J. A. Koburger. 1975. "Understanding and Teaching the Most 

Probable Number Technique." J. Milk Food Technol. 38(9): 540-545. 
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Figures 

Figure S1. 

 

Fig. S1. Blue-shift dependence of the quenched fluorescence spectra of 
bacteria-Colis-QD complex for different concentrations of bacteria added.  
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Figure S2. 

 

Fig. S2. Effect of the Colistin/QD ratio from 0.25 to 10 (expressed as w/w) 
on the fluorescence quenching response of bacteria-Colis-QD complex. E. 

Coli concentration was 5.5 102 cells/mL.  

Figure S3. 

 

Fig. S3. Kinetic-curve (λexc 400 nm, λem 575 nm) of the incubation time 
between bacteria and Colis-QDs conjugates. E. Coli concentration was 

5.5 102 cells/mL.  
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Figure S4. 

 

Fig. S4. Effect of pH on the binding of Colis-QDs conjugates to bacteria. E. 

Coli concentration was 5.5 102 cells/mL. 
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(CdSe/ZnS QDs)-Ionic Liquid-based Headspace Single Drop 

Microextration. A novel approach for the fluorimetric 

determination of trimethylamine in fish. 

C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel 

Department of Analytical Chemistry, University of Córdoba, E-14071 Córdoba, Spain. 

Here, we propose the use of Ionic Liquid-modified QDs for the combination of 

Ionic Liquid-based headspace single drop microextraction technique (IL-HS-SDME) 

and QDs-based fluorimetric detection. In that way, we exploit the advantages of 

ILs as extractant solvent and the use of QDs as fluorescence detection probe. 

After in situ generation of volatile trimethylamine (TMA) from fish samples, the 

analyte was extracted and preconcentrated directly onto a (QD)IL microdrop by 

HS-SDME. Then, TMA was quantified through the enhancing effect produced on 

the initial fluorescence of the (QD)IL dispersion. The working conditions for the 

(QD)IL-HS-SDME procedure were: 20 μL microdrop of (QD)IL exposed for 2 min to 

the headspace of a 5 mL aqueous sample (0.2 mg of fish in NaOH 10 M) placed in 

a 10-mL vial with stirring and thermostated at 50-60 ºC. For the detection, the 

microdrop was transferred to a microcuvette with 300 μL of acetonitrile and the 

fluorescence was recorded (λem=570 nm, λexc=400 nm). Under the selected 

conditions, the analytical response was linear over the range from 0.05 to 0.25 
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mg·L-1 (R2=0.997) with a detection limit of 0.014 mg·L-1 (0.35 µg TMA per gram of 

fish) and relative standard deviation was 3.5 % (n=5). The proposed method was 

applied to the determination of TMA in hake fish samples with satisfactory 

results. 
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INTRODUCTION 

Semiconductor nanocrystals,[1] also referred to as quantum dots (QDs), have 

attracted much attention as highly luminescent nanomaterials whose applications 

range from biological labels to optoelectronics.[2,3] Luminescent QDs of metal 

chalcogenides are successfully prepared either in aqueous medium[4,5] or in organic 

solvent at high temperatures.[6,7] While the former method gives water soluble 

QDs, the latter gives lipophilic ones. The solubility of QDs depends mainly on the 

nature of the organic protecting layer covering the QDs surface. Several 

approaches, such as encapsulation with surfactants or exchange of protecting 

molecules, have been used to make the water soluble QDs hydrophobic[8,9] and 

viceversa.[10] Such surface-modifications sometimes adversely affect their 

photophysical properties. 

Room-temperature ionic liquids (ILs) are also receiving much interest as 

environmentally benign solvents for organic chemical reactions[11] and 

separations,[12] nanoparticles preparations,[13-15] and recent developments include 

their use for materials chemistry.[16,17] But also the better photoluminescence 

properties of QD–ionic liquid hybrids or dispersions could be exploited to develop 

novel or improved analytical methods. Several researches have recently proved 

that QDs can be easily dispersed in different ionic liquids resulting in improved 

photoluminescence properties.[18-22] 

On the other hand, single drop microextraction (SDME) has become a feasible 

alternative for sample pretreatment led to the miniaturization of the traditional 

liquid–liquid extraction technique. This type of liquid phase microextraction 

technique (LPME) is based on the exposure of a microdrop of an extractant directly 
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submerged in an aqueous sample (DI-SDME) or in close contact with its headspace 

(HS-SDME).[23,24] Compared to DI-SDME, HS-SDME has similar capabilities in terms 

of precision and speed of analysis but has an advantage that broadens the range of 

choices of solvent. In addition, headspace SDME was found to provide excellent 

sample clean-up from complicated matrices.[25,26] Although organic solvents have 

been the more commonly used extractants, its poor reproducibility associated to 

their volatilization during the extraction procedure has lead to the use of ionic 

liquids to form the microdrop in the so-called ionic liquid-based single drop 

microextraction (IL-SDME).[27-31] Among the many advantages of ILs, they present 

good extractability for different organic and inorganic compounds,[32-34] besides 

making the use of larger droplet volumes possible as well as longer sampling 

times[35,36] owing to its high viscosity and low water-solubility. Moreover, no 

evaporation occurs owing to its high boiling points.  

The extractability of different amines in ILs has been previously described. 

Several studies[30,36] demonstrated that both 1-hexyl-3-methylimidazolium 

hexafluorophosphate [C6MIM][PF6] and 1-butyl-3-methylimidazolium 

hexafluorophosphate [C4MIM][PF6] can be used as extraction solvent for aromatic 

amines such as 2,4-dichloroaniline, 1-naphthylamine, 6-chloroanline, N,N-

dimethylaniline and diphenylamine. In a more recent paper,[37] researchers 

demonstrated the use of [C6MIM][PF6] as extraction solvent for aliphatic and basic 

amines, e.i. methylamine, dimethylamine and trimethylamine. 

The interest in the determination of trimethylamine (TMA) is that it is one of 

the most widely used markers to measure the freshness of fish. The level of this 

compound, which are released during fish storage, provide effective marker for the 

freshness and spoilage of fish. Traditionally, the evaluation of fish quality has been 
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based on organoleptic tests. Since the determination of the total volatile base-

nitrogen (TVB-N) was published as standard method for the inspection of fish in 

Germany, it has been widely applied to assess the quality of fish and seafood. Legal 

requirements in directive 91/493/EEC have been established for the limits of TVB-N 

(total volatile basic nitrogenous compounds) in the fish muscle for several species 

(i.e. TVB-N limit value is set at 35mg/100g muscle for species belonging to the 

Merluccidae family).[38] Trimethylamine (TMA) is produced in the greatest 

quantities (95% of the overall content of amines in fish), and is therefore an 

indicator of spoilage.[39] Several methods have been described so far for the 

determination of TMA in fish samples including: flow injection/gas diffusion 

systems with spectrophotometric,[40,41] potenciometric[42] or Fourier transform-

infrared spectroscopy detection[43]; capillary electrophoresis with indirect UV-

detection[39]; gas chromatography with flame ionisation detector (FID),[44] nitrogen–

phosphorus detector (NPD)[45] or mass spectrometry (MS) detection.[46] In the last 

years, headspace-solid-phase microextraction (HS-SPME) has also been used in 

combination with gas chromatographic systems.[43-45] Most of the mentioned 

approaches lack the necessary sensitivity. Interesting results have been recently 

reported using a headspace-single-drop microextraction in combination with 

microvolume UV–vis spectrophotometry.[46] 

With the aim of contributing to exploiting the advantages of ILs as extractant 

solvents and the use of QDs as fluorescence detection probe, the present work 

focuses on the development of a simple and reliable approach for the direct use of 

Ionic Liquid-based headspace single drop microextraction prior to fluorimetric 

detection by QDs-based fluorescence changes, denoted as (QDs)IL-HS-SDME. The 

use of a dispersion of QDs in IL for the combination of IL-HS-SDME extraction 
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technique and QDs-based fluorimetric detection has not been accomplished up to 

date despite its high analytical potential. 

On the basis of the response achieved and the practical significance of 

trimethylamine (TMA) in food analysis, the method developed in the present work 

was extended to the determination of TMA in fish samples as an indicator of 

spoiling. 

The proposed methodology involves three steps; 1) in situ generation of 

volatile TMA base, 2) TMA extraction and preconcentration using an IL-based HS-

SDME procedure, and 3) fluorimetric detection through the enhancing effect 

observed on the fluorescence intensity of the CdSe/ZnS QDs dispersed in IL. A 

schematic depiction of the instrumental set-up used for the proposed methodology 

is shown in Scheme 1. 

 

Scheme 1. Schematic depiction of the instrumental set-up used for the 
extraction of TMA from fish samples and fluorimetric determination. 
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EXPERIMENTAL 

Reagents  

All chemical reagents were of analytical grade and used as purchased with no 

additional purification. Cadmium oxide (99.99%), trioctylphosphine oxide (TOPO, 

99%), trioctylphosphine (TOP, 90%), selenium (powder, 100 mesh, 99.99%), 

diethylzinc solution (ZnEt2, 1 M in hexane), bis(trimethylsilyl) sulphide ((TMS)2S), 

anhydrous methanol, anhydrous chloroform, sodium hydroxide, methylamine 

hydrochloride, dimethylamine hydrochloride, trimethylamine hydrochloride, 

propylamine and diethylamine were purchased from Sigma Aldrich (Madrid, Spain). 

Hexylphosphonic acid (HPA) was obtained from Alfa Aesar (Karlsruhe, Germany) 

and synthesis-grade ionic liquid 1-hexyl-3-methylimidazolium 

hexafluorophosphate, [C6MIM][PF6]  was obtained from Merck (Darmstadt, 

Germany). For the electrophoresis buffer, cupric sulphate and formic acid were 

purchased from Merck and 18-crown-6 from Sigma. 

Stock standard solutions of different amines (monomethylamine, 

dimethylamine, trimethylamine, propylamine and diethylamine) were prepared in 

Milli-Q ultra-pure water at a concentration of 1000 mg·L−1 and stored in glass-

stoppered bottles in the dark at 4 ºC. Working solutions were obtained by 

appropriate dilution in water of the stock standard solution and they were 

prepared fresh daily. A solution of 10 M sodium hydroxide was used as extractant. 

Apparatus  

Fluorescence emission spectra were measured on a PTI QuantaMasterTM 

Spectrofluorometer (Photon Technology International) equipped with a 75 W 

xenon short arc lamp and the model 814 PTM detection system. FeliX32 software 
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was used for fluorescence data collection and analysis which also controlled the 

whole instrument. The slits for excitation and emission widths were both 2.5 nm. 

All optical measurements were carried out in 10 mm quartz microcuvettes at room 

temperature under ambient conditions.  

CE separations were performed with a P/ACE MDQ Capillary Electrophoresis 

Equipment (Beckman Coulter, Fullerton, CA, USA) equipped with a diode array 

detector operating at 210 nm in the indirect UV detection mode. System, control 

and data processing was carried out with 32 Karat Software (version 8.0).  

The HS-SDME was implemented by means of a Hamilton 100-μL microsyringe 

with a stainless steel plungers tipped with Teflon needle (0.72 mm/0.15 mm, 

outer/inner diameter) which was used to expose a drop of 20 μL of the (QD)IL 

dispersion in the headspace of the extraction vial.  

A gas extraction sampling device integrated in a continuous flow system was 

used for the extraction of amines prior to their introduction in CE equipment. 

Gilson Minipuls-3 peristaltic pumps, PTFE tubing of 0.5mm i.d., pump tubing and 

heater/stirrer plate were used to set up the gas extraction sampling device. 

CdSe/ZnS QDs synthesis and preparation of the (QD)IL dispersion 

Core-shell quantum dots (ZnS-capped CdSe) were synthesized using CdO as 

precursor via the procedure described by Peng’s group.[6] Briefly, 0.03 g of CdO, 

0.11 g of HPA and 3.5 g of TOPO were loaded into a 100 mL glass three-neck flask. 

The mixture was heated to 300–310 ºC under nitrogen atmosphere for 15 min to 

allow the complete dissolution of CdO in HPA and TOPO. After cooling the 

temperature of the solution down to 270 ºC, 1.2 mL of selenium stock solution was 

swiftly injected. The selenium stock solution was prepared by dissolving 0.0255 g of 
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selenium powder in 1.5 mL of TOP, to produce a 0.215 M stock solution of 

trioctylphosphine selenide (TOP-Se). Nanocrystals were left to grow for about 20 

min at 250 ºC. Subsequently, 1.5 mL of the Zn/S/TOP stock solution (1.75 mL ZnEt2, 

and 0.26 mL (TMS)2S in 10.25 mL TOP) was added dropwise to the mixture under 

vigorous stirring. The mixture was then cooled to 90 ºC and stirred for several 

hours. After cooling down the solution to room temperature, the QDs solution was 

transferred to a glass vial and diluted with 10 mL of chloroform anhydrous. Then, 

the synthesized QDs were purified by adding 10 mL of methanol to 10 mL of the 

QDs chloroform solution, QDs were precipitated, collected by ultracentrifugation 

(at 13.000 rpm) and washed twice with methanol. The purified TOPO/TOP-capped 

CdSe/ZnS QDs were then dispersed in chloroform at 2 mg·mL-1 and stored in the 

darkness. This solution was stable for at least ten months. 

The (QD)IL dispersion was prepared by adding 100 μL of the above CdSe/ZnS 

QDs chloroform solution to 5 g of the hydrophobic [C6MIM][PF6] ionic liquid. The 

mixture was sonicated for 5 min (in an ultrasonic bath; 50W, 60Hz), and it was then 

left at sunlight and room temperature for about 2 hours to photoactivate the QDs 

and allow stabilization of them in IL media. Therefore, the final concentration of 

QDs in the dispersion was 0.04 mg/g. 

Sample preparation 

 The method described is used in the evaluation of fish quality as TMA levels 

are closely related to rates of fish spoilage. Three different commercial brands of 

frozen fish (hake) were purchased from a local supermarket. At room temperature 

0.2 g of each defrosted minced fish sample was homogenized with 1 ml water in a 
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glass/teflon Potter homogenizer. Then, the homogenate was quantitatively 

transferred to a 10-mL vial.   

TMA determination by IL-HS-SDME—QDs-fluorimetry 

Homogenates or standards were placed in 10-mL vials containing a 10 mm x 

0.5 mm magnetic stirring bar and 5 ml of the extracting solution (NaOH 10 M) was 

added. The vials were subsequently tightly sealed with a silicone septum, placed in 

a thermostated water bath at 50-60 ºC and this slurry was stirred at 300 r.p.m. for 

5 min before the HS-SDME extraction according to Lista el al.[39] With this 

procedure leaching of the analyte, formation of the volatile product, evaporation 

and diffusion to the headspace take place simultaneously. Then, after the 

formation of the volatile form of TMA, the single-drop microextraction prodecure 

using the (QD)IL dispersion as acceptor phase was performed. A droplet of 20 µL of 

the previously prepared (QD)IL dispersion is hung from the tip of a 100-μL Hamilton 

syringe needle. The droplet is then suspended in the headspace of the vial 

containing the stirring sample solution. After extraction (2 min), the droplet is 

retracted back into the syringe and transferred directly to the fluorescence 

microcuvette containing 300 µL of acetonitrile. Fluorescence spectra were 

recorded (under excitation wavelength of 400 nm) and the fluorescence intensities 

at the maximum emission (570 nm) were taken and denoted as I. Before each 

extraction, the syringe was rinsed with methanol to avoid analyte carry-over. The 

analysis time for each sample was approximately 8 min. Replicate measurements 

(n=3) were made on all standards and samples.  

For extraction, a 100-μL Hamilton syringe, containing 20 μL (QD)IL acceptor 

phase, was clamped above the vial and its needle was inserted through the septum 
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into the sample vial. The plunger was depressed and a drop of the (QD)IL was 

exposed to the headspace above the sample solution for 2 min. After extraction, 

the ionic liquid was withdrawn into the microsyringe and the microsyringe was 

removed from the vial. The (QD)IL containing the analyte was then transferred 

directly to the fluorescence microcuvette with 300 µL of acetonitrile. Before each 

extraction, the syringe was rinsed with methanol to avoid analyte carry-over. 

Amines determination by CE 

The optimization of the gas extraction sampling device to produce volatile 

amines and their CE separation has already been performed earlier by Lista[39] 

although some modifications were made here. Briefly, the gas extraction sampling 

device contained a 10-mL vial where the gaseous amines were generated by 

heating (50-60 ºC) and stirring  (300 r.p.m.) and with the addition of NaOH solution 

(5 mL, 10 M). A peristaltic pump (running at 32 rpm during 5 min) was used to 

transport the generated gaseous amines from the headspace of the 10-mL vial to a 

1.5-mL eppendorf. This eppendorf was previously filled with 0.5 mL of water as 

absorbs solution. Then, this solution was ready for the injection into CE equipment. 

CE separations were carried out in a fused-silica capillary (75 µm i.d. and 47 cm 

total length). The temperature of the capillary was set to 20ºC and the applied 

voltage for the electrophoretic separation was 15 kV. Sample injections were 

performed hydrodinamically at 0.5 psi for 10 s. The composition of the buffer 

solution was: 4 mM cupric sulphate, 4 mM 18-crown-6 and 4 mM formic acid at pH 

3.0. The capillary was conditioned daily by flushing it with ultrapure water and 

buffer, 5 min each. Between each injection, the rinse cycle consisting of 2 min of 

water and 3 min of buffer was carried out. 
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RESULTS AND DISCUSSION 

(QD)IL dispersion 

First, it was observed that the TOPO/TOP-capped CdSe/ZnS QDs were stably 

dispersed in hydrophobic ionic liquids showing characteristic enhancement in the 

fluorescence intensity and photostability as expected according to literature 

previously reported.[18-22] Two different ILs, [C6MIM][PF6] and [C4MIM][PF6], were 

tested for the dispersion of the QDs. They were selected taking into account their 

hydrofobicity and viscosity with the aim of achieving the better interaction with the 

hydrophobic alkyl chains of TOPO and TOP on the QD surface and avoiding the 

removal of the (QD)IL drop from the needle tip of the syringe. ILs with a large 

relatively viscosity present better performance as extraction solvent in SDME 

because they could suspend a much larger volume of drop on the needle of the 

microsyringe. No significant differences in behavior (dispersion ability and stability) 

were found between both ILs, so [C6MIM][PF6] was chosen throughout the study. 

As can be seen in Fig. 1A, the fluorescence spectra of (QD)IL dispersion 

presented two peaks under an excitation wavelength of 380 nm. The former (at 

460 nm) was owing to the IL and the second one (at 580 nm) was the characteristic 

emission of the CdSe/ZnS QDs. A comparison of the original fluorescence spectra of 

the TOPO/TOP-capped QDs in chloroform with that obtained with QDs dispersed in 

the IL showed that the emission peak position was identical but its intensity 

increased almost three times. It is believed that the photoluminescence of QDs are 

enhanced after their dispersion in the ionic liquid because the IL capping leads to a 

better passivation of the surface defects. This could also explain the higher 

photostability found for the (QD)IL dispersion compared to the same TOPO/TOP-
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capped QDs in chloroform. A detailed study of their stability with time under 

ambient light was carried out and is presented in Fig 1B. 

 

Figure 1. (A) Fluorescence spectra of pure ionic liquid [C6MIM][PF6], TOPO/TOP-
capped QDs in chloroform and TOPO/TOP-capped QDs dispersed in ionic liquid. 
Excitation wavelength=380 nm; (B) Stability with time of QDs in chloroform and 
QDs in ionic liquid under ambient light. 

In order to remove the fluorescence emission from the IL and also reduce the 

IL consumption, (QD)IL dispersion was diluted 20:300 (v/v) in acetonitrile before 

performing the fluorescent measurements. In Fig. 2A are shown the spectra after 

the dilution with acetonitrile. When 20 μL of the prepared (QD)IL were added to 

300 μL of acetonitrile the final QDs concentration was 2.5 μg·mL-1. 

Secondly and more interestingly, we observed that the fluorescence intensity 

of the prepared (QD)IL dispersion was markedly enhanced when trimethylamine 

(TMA) interacted with the (QD)IL. In Fig. 2B is presented the increase in 

fluorescence intensity of the (QD)IL observed after the extraction of a working 
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standard solution of 0.5 mg·L-1 TMA by HS-SDME using the (QD)IL dispersion as 

extractant phase. 

 

Figure 2. (A) Fluorescence spectra of the QD-IL dispersion diluted 20:300 (v/v) in 
acetonitrile. Final QDs concentration was 2.5 μg·mL-1; (B) Fluorescence spectra of 
(QD)IL dispersion before and after the extraction of a working standard solution of 
TMA at 0.5 mg·L-1. The spectra were recorded diluting the 20 μL microdrop of 
(QD)IL in 300 μL of acetonitrile. 

Effect of QD concentration in the (QD)IL dispersion 

A series of experiments was conducted to establish the optimum 

concentration of QDs in the (QD)IL dispersion in order to achieve the higher 

fluorescence enhancing response after the extraction of the analyte. The CdSe/ZnS 

QD concentration used for the preparation of (QD)IL dispersion was studied by 

changing the amount of CdSe/ZnS QDs between 0.05-0.5 mg and maintaining a 

constant amount of IL of 5 g. Therefore, the different QD concentrations studied 

were 0.01, 0.02, 0.04, 0.06 and 0.1 mg/g. The fluorescence enhancing response 

measured as ΔI=(I-Io)/Io (where Io is the original fluorescence of the (QD)IL and I the 
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fluorescence when 0.5 mg·L-1 of TMA were extracted) for each set of (QD)IL 

preparations was registered. The analytical response was maximum for a QD 

concentration of 0.04 mg/g, so this concentration was selected to prepare the 

(QD)IL dispersion.  

Selection of (QD)IL-HS-SDME conditions 

For the generation of the volatile TMA form, evaporation and diffusion to the 

headspace, the working conditions previously optimized by Lista el al.[39] were used 

in the present work. They were 5 mL of NaOH solution 10 M in 10-mL vials with 

continuous stirring and heating in a water bath at 50-60 ºC, working with 0.2 g of 

solid sample.  

The drop volume and extraction time are the most significant variables which 

affect to the SDME process, and so, they were studied in order to obtain the 

maximum sensitivity and best reproducibility. These both variables were evaluated 

using a standard solution of TMA at a concentration of 0.5 mg·L-1. 

Effect of drop volume; The amount of extracted analyte depends on the drop 

volume, so, the effect of (QD)IL drop volume on the extraction efficiency of TMA 

was studied in the range of 5–25 µL. The results indicated that the use of a large 

drop results in an increased analytical response. Thanks to the high viscosity of the 

IL and the tip of the syringe needle was possible to suspend a drop of 20 µL of the 

(QD)IL dispersion on the needle of the microsyringe without problems of drop 

stability. However, larger drops (25 µL) were difficult to manipulate and the 

stability of the suspended drop was not good. Thus, the final volume of the (QD)IL 

drop for further experiments was 20 µL. 
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Effect of extraction time; The amount of analyte extracted by the drop is 

expected to increase with increasing exposure time to the headspace of the 

sample. When the partition equilibrium of the analyte among the extracting drop, 

the headspace, and the sample solution is established, the amount of analyte 

extracted by the drop reaches a maximum. It is well known that is a process which 

depends on equilibrium rather than exhaustive extraction. It is, therefore, not 

necessary for the analyte to reach this partition equilibrium but, instead, to allow 

sufficient time for mass transfer into the drop in quantitative analysis, assuming the 

extraction conditions are reproduced. The extraction time were examined by 

varying the exposure time of the drop in the headspace of the sample solution 

between 1-5 min. It was found that extraction times higher than 3 min resulted in 

increasing the incidence of drop loss, and therefore, 2 min was chosen throughout 

the study. 

Analytical figures of merit 

To evaluate the practical utility of the method, linear range, repeatability, 

reproducibility, limit of detection and limit of quantification were investigated 

using standard solution under the optimum working conditions. The calibration 

graph was constructed from seven working standards solutions of TMA at different 

concentrations and extracted as described above under the (QD)IL-HS-SDME 

working conditions and the fluorescence spectra obtained for each one are shown 

in Fig. 4. The analytical signal, denoted as ΔI, was the increase in the fluorescence 

intensity (at 580 nm) divided by the signal blank in order to correct possible 

fluctuations from batch-to-batch of the (QD)IL dispersion. The analytical signals 

were related to the concentration of the TMA in the solutions (standards or 
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samples) in the vial before the extraction. The calibration graph was lineal in the 

concentration range 0.05–2.5 mg·L-1 and the regression equation was: 

ΔI = (3.40  0.07)C - (0.089  0.09) 

where ΔI is the increase in fluorescence intensity after the extraction of the 

analyte and C is the concentration of TMA (mg·L-1), the slope is b  tsb and the 

intercept is a  tsa. The regression coefficient was 0.997. The detection (LOD) and 

quantification limit (LOQ) were 0.014 and 0.047 mg·L-1 calculated as 3 and 10 times 

the standard deviation of the signal blank, respectively. These values were 

equivalent to 0.35 and 1.17 µg·g-1 respectively, expressed as µg TMA per gram of 

fish. 

 

Figure 3. Fluorescence emission spectra for the QD-IL dispersion after the 
extraction of increasing amounts of TMA (between 0.05–2.5 mg·L-1) and the 
calibration graph plotted as ΔI vs. *TMA+. 
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It should be mentioned here, that these values are considerably lower than the 

most of those previously reported for the analysis of TMA in fish samples using 

different techniques (Table 1). This clearly demonstrates the favorable and efficient 

coupling of IL-headspace single-drop microextraction with the QD-based 

fluorescence detection. 

Table 1. Comparison of the proposed method with other developed methods to 
determine TMA in fish samples. 

Analytical technique 
Linear range 

(mg/L) 
LOD     

(mg/L) 
RSD       
(%) 

Reference 

IL-HS-SDME–(QD)-Fluorimetrya 0.05–2.5 0.014 3.5 This work 

LLE-UV–vis                                 
(AOAC Official Method 971.14) 

8–40  2.0 [47] 

FI-pervaporation-UV–vis 2–30 1.6 4.3 [40] 

FI-gas-diffusion-potentiometry 1–10 0.05 1.2 [41] 

LLE-GC-FID 2–220 0.38 5.9 [44] 

CFS-CE-indirect UVb 0.5–10 0.49 4.0 [39] 

VP-FT-IR-DTGSc 82–382 0.6 0.6 [42] 

VP-FT-IR-MCTd 6.6–26.4 0.3 0.2 [42] 

HS-SPME-GC-FIDe 0.5–80 0.026 5.1 [43] 

HS-SPME-GC–MSe 0.5–10 0.15 6.2 [45] 

HS-SDME-μ volume-UV–vis 0.0005–0.003 0.00024 5.0 [46] 

a IL-HS-SDME–(QD)-Fluorimetry: Ionic Liquid-based headspace single drop microextraction with 
QDs-based fluorimetric detection 

b CFS: continuous flow system 

c VP-FT-IR-DTGS: Fourier transform-IR vapour phase with a temperature stabilised deuterated 
triglycine sulphate detector 

d VP-FT-IR-MCT: Fourier transform-IR vapour phase with a liquid nitrogen refrigerated mercury–
cadmium–telluride (MCT) detector 

e HS-SPME: headspace-solid-phase microextraction 
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The precision of the method was evaluated in terms of repeatability and 

reproducibility. To determinate the repeatability five determinations of 0.5 mg·L-1 

TMA were carried out and the relative standard deviation (RSD) was 3.5 %. Then, 

the reproducibility was estimated for three replicates of a working standard at 0.5 

mg·L-1 TMA under inter-day conditions (for 3 consecutives days) and also using 

different preparations of the (QD)IL dispersion in order to include the deviation 

from batch to batch, obtaining a RSD of 4.8 %. 

Application of the method to fish samples  

The usefulness and capabilities of the proposed IL-HS-SDME–(QD)-Fluorimetric 

method was demonstrated using the determination of TMA in fish samples as 

model analytical problem.  

The fish samples were prepared as described in the experimental section. The 

proposed method was used for determining the evolution of TMA levels in fish 

after different storage time in fridge. Therefore, the aim of this study was to 

simulate the fish spoilage, on a natural point of view, simulating the normal 

formation of TMA. The fish analyzed was hake (of three different commercial 

brands), and frozen samples that had been defrosted and analyzed immediately 

were compared with those that had been defrosted and stored for several days at 

4 ºC. In Table 2 are presented the TMA contents in each sample analyzed 

immediately and after induced spoilage from stored samples in the fridge (at 4 ºC).  

To evaluate the accuracy of the proposed methodology and investigate the 

effect of sample matrix, a recovery study was carried out. Replicate analyses (n=3) 

of the different types of hake samples were spiked at 0.5 mg·L-1 (equivalent to 12.5 

µg·g-1) with TMA standard solution and were analysed under the working 
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experimental conditions. The recoveries values obtained for the different samples 

showed no significant differences (ranging from 92.0 to 105.6 %). Thus, these 

results showed the matrix had no effect on the method. By checking the results 

(Table 2) it can be concluded that, as expected, in spoiled fish the amounts of TMA 

obtained were higher than in fresh fish, and the evolution was very similar in all the 

samples. The values obtained from frozen samples (analyzed just after thawing) 

were between 8.2–17.7 µg·g-1 (0.82–1.77 mg TMA per 100 g of fish), and these 

results accord with the range of values obtained in other studies.[39, 43, 45, 48] Li et al. 

reported TMA amounts of 6.9 µg·g-1 from fresh hake and 9.7 µg·g-1 from frozen 

hake.[43] 

Table 2. Results of TMA contents obtained for the three hake fish samples 
analyzed immediately defrosted (day 0) and after induced spoilage from stored 
samples in the fridge (at 4 ºC). Recovery values from the fresh samples spiked 
with 12.5 µg·g-1 are also presented. 

                  Storage Time 

     
      Samples 

Day 0                             
(fresh) 

Day 5 
(spoilt) 

Day 11 
(spoilt) 

Day 16 
(spoilt) 

Found
a   

              
(µg·g

-1
) 

Recovery 
(%) 

Found
a                

(µg·g
-1

) 
Found

a                 

(µg·g
-1

) 
Found

a                

(µg·g
-1

) 

Sample 1 8.2 ± 0.5  19.1 ± 0.9 42.0 ± 2.0 53.2 ± 4.1 

Sample 1  
(spiked with 12.5 µg·g

-1
) 

21.4 ± 0.7 105.6    

Sample 2 13.2 ±0.7  26.3 ± 1.5 52.7 ± 3.1 59.6 ± 4.3 

Sample 2  
(spiked with 12.5 µg·g

-1
) 

24.7 ± 0.8 92.0    

Sample 3 17.7 ±0.8  32.6 ± 1.8 54.2 ± 3.4  66.3 ± 4.8 

Sample 3  
(spiked with 12.5 µg·g

-1
) 

29.8 ± 1.2 96.8    

a Mean value ± standard deviation (n=3) 
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Several maximum allowable limits for TMA contents in fresh fish have been 

reported. Fish samples showing TMA lower than 1 mg TMA per 100 g could be 

rated as excellent quality grade, according to Castell’s criterion. Despite differences 

between fish species, most authors recommend maximum levels ranging from 10 

to 15 mg TMA per 100 g. As the three samples tested, before the induced spoilage, 

presented TMA values lower than 2 mg TMA/100 g, they were considered as 

samples of good quality. 

Fig. 4A shows the typical profile of the TMA content in hake fillet samples 

during their storage in fridge. The error bars are taken as the standard deviation of 

three measurements. As the fish sample age, the uncertainty of the measurement 

was observed to increase. Such behavior has been noted previously[48] and may be 

due to microbial spoilage. 

 

Figure 4. (A) Profile of TMA content in three hake samples during their storage in 
fridge (at 4 ºC) analysed by the proposed method; (B) Electropherograms obtained 
using the CE method for the hake sample (sample 3) spoilage during its storage in 
fridge. The peak indicated with * is the corresponding to the TMA. 
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TMA selectivity of the method. Validation of the proposed method 

Unlike the AOAC Official Method and other existing methods, the proposed 

methodology is free from non-volatile interferences, given that the extraction 

process occurs in the headspace above the sample. Therefore, the matrix 

separation achieved with HS-SDME eliminates the interferences of non-volatile 

biogenic amines, such as putrescine, cadaverine, tyramine and histamine, which 

can also be formed during bacterial breakdown of protein during the spoilage of 

fish. However, other volatiles amines, mainly monomethylamine (MMA), 

dimethylamine (DMA), propylamine (PA) and diethylamine (DEA), are considered 

typical positive interferences on the determination of TMA in fish sample, and 

therefore, they should be considered. 

To study the TMA selectivity of the novel IL-HS-SDME–(QD)-Fluorimetric 

method and evaluate the possible interference from the other amines in fish, a 

capillary electrophoresis with indirect UV-detection method[39] was used. The use 

of this previously reported CE method as reference method is justified because it 

provides a high selectivity as any conventional separation method. 

A hake sample (sample 3) was analysed using the proposed IL-HS-SDME–(QD)-

Fluorimetric method and the CE method.[39] The evolution of its TMA content 

during its spoilage was also followed by both methods. The results are summarized 

in Table 3. The comparison of the results obtained (t-test, adopting as null 

hypothesis the absence of significant differences) showed non-significant 

differences between the two methods for a 95 % confidence level. Therefore, these 

results confirm the selectivity of the proposed method. In Fig. 5B are shown the 

electropherograms obtained for the hake sample spoilage during its storage in 

fridge. 



 Luminiscencia de QDs 

 

425 

 

Thus, the application of this method to quantify the TMA concentration 

present in the real samples appeared to be an effective way which avoids the 

separation step and, therefore, simplifies and shortens the method. 

Table 3. Results obtained for the determination of TMA in fish during its spoilage by 
the proposed IL-HS-SDME–(QD)-Fluorimetric method and by a CE separation method. 

Storage Time 

TMA founda   (µg·g-1) 

Proposed method CE method 

Day 0 (fresh) 17.7 ± 0.8 15.8 ± 2.7 

Day 5 (spoilt) 32.6 ± 1.8 30.7 ± 3.2 

Day 11 (spoilt) 54.2 ± 3.4 53.0 ± 3.7 

Day 16 (spoilt) 66.3 ± 4.8 63.6 ± 4.2 

a Mean value ± standard deviation (n=3) 

CONCLUSION 

The combination of Ionic Liquid-based headspace single drop microextraction 

technique (IL-HS-SDME) with microvolume spectrofluorimetry based on QDs has 

been demonstrated to be a promising coupling for analytical methods. This 

analytical system, (QD)IL-HS-SDME, exploits the advantages of ILs as extractant 

solvents and the use of QDs as fluorescence detection probe. In addition, the used 

procedure for the generation of gaseous TMA allowed the analyte to be separated 

and to be determined directly in the fish sample without matrix interferences. 

Compared with other existing methods, the methodology proposed here is 

characterised by its high sensitivity and selectivity, being inexpensive, rapid and 

simple, with a negligible solvent consumption. The AOAC Official Method for 

determination of TMA in fish samples[47] encompasses a liquid–liquid extraction of 
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TMA with toluene and its subsequent reaction with picric acid reagent to form a 

yellow complex. Unlike the AOAC Official Method, the proposed methodology is 

free from non-volatile interferences, given that the extraction process occurs in the 

headspace above the sample. Due to the low analytical sensitivity achieved with 

the official method, TMA determination in fish must be performed after certain 

time of post-mortem storage.  Moreover, this method involves several time-

consuming steps as well as the use of large amounts of hazardous reagents. In 

contrast, the low detection limit of the proposed method (0.35 µg TMA per gram of 

fish), together with a high freedom from interferences, allow the determination of 

TMA in fish samples from the first moment of storage (at the earliest stages of 

spoilage). Therefore, the main achievements of the proposed method are to 

increase the sensitivity, miniaturize, simplify and improve the rapidity of the AOAC 

Official Method for TMA determination in fish samples.  

In our opinion, the demonstration that IL-HS-SDME can be coupled with 

spectrofluorimetric detection based on QDs opens new possibilities for developing 

analytical methods using the QDs as label for the detection of non-fluorescent 

analytes which can be previously extracted from the sample by microextraction 

techniques, like IL-HS-SDME.  
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Introducción 

Los QDs presentan propiedades redox características, ya que son capaces de 

transferir o tomar electrones de otras especies químicas. Recientemente se ha 

observado un aumento en el número de trabajos de investigación dedicados a 

estudiar este carácter redox de los QDs y su participación en reacciones químicas 

de oxidación-reducción.  Hasta la fecha, estas propiedades redox de los QDs han 

sido poco explotadas desde el punto de vista analítico. Sin embargo, son muchos 

los esfuerzos destinados últimamente a entender los factores estructurales que 

regulan las propiedades redox de QDs. 

Dependiendo de la composición del QD varían las características electrónicas 

del mismo y por tanto el valor del band-gap (Eg). La Figura V.1 muestra 

esquemáticamente el potencial redox correspondiente a la banda de valencia y a la 

banda de conducción para distintos semiconductores, expresados en eV (escala 

izquierda) y en voltios respecto al potencial del electrodo normal de hidrógeno, 

ENH (escala derecha). Se muestran los potenciales redox de los pares (H+/½H2) y 

O2/H2O respecto al ENH. Aquellos materiales cuya banda de conducción se ubica 

por encima de la línea H+/H2 son termodinámicamente capaces de reducir al agua, 

mientras que los materiales cuya banda de valencia se ubica por debajo de la línea 

O2/H2O pueden oxidarla. 

De acuerdo al potencial de estos semiconductores respecto al potencial de 

oxidación o reducción del agua se pueden dividir en tres grupos: 
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  Reductores: Pueden producir la reducción del agua y generar H2, sin embargo su 

potencial de oxidación es muy débil para oxidarla; como ejemplos se tienen al 

CdTe, CdSe y Si. 

 Redox: En este caso existe tanto la posibilidad de oxidar como de reducir al 

agua; como ejemplos se tienen al CdS, SrTiO3, TiO2, ZnO, Nb2O5. 

  Oxidantes: Pueden producir la oxidación del agua y generar O2, ya que la banda 

de valencia esta localizada a un potencial energético suficientemente negativo. Sin 

embargo el potencial de reducción de la banda de conducción es insuficiente para 

reducir el agua; ejemplos son el MoS2, Fe2O3, WO3 y SnO2. 

 
Figura V.1. Posición relativa de los bordes de las bandas de conducción y  

           de valencia de algunos nanocristales semiconductores. 

Una de las principales ventajas de la utilización de los QDs como especies 

redox en comparación con el uso de los materiales semiconductores 

convencionales (a tamaño macroscópico) es que sus potenciales redox son más 
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altos debido al aumento de la energía de banda prohibida o “band-gap”, que a su 

vez mejora la velocidad de transferencia de carga en el sistema. Como ejemplo, el 

potencial redox de la banda de conducción (EBC) de los QDs de CdSe/ZnS de –1.3 V, 

mientras que el correspondiente potencial redox de cristales macroscópicos de 

CdSe es de tan sólo –0,2 V. Además una característica muy interesante es que el 

potencial redox de los QDs depende de su tamaño y por tanto se puede modular 

sin tener que cambiar su composición. Se ha demostrado que los QDs más 

pequeños presentan un potencial redox mayor. Así se encuentran trabajos en la 

literatura que reportan valores de potencial de la banda de conducción de –0.8 V 

para QDs de CdSe de 7,5 nm de diámetro, mientras que este valor se desplaza 

hacia un potencial negativo de –1,57 V cuando el diámetro de los nanocristales se 

reduce a 3,0 nm. 

Como se ha dicho son pocos los trabajos desarrollados que aprovechen este 

carácter redox de los QDs para su empleo como herramientas analíticas. Por ello, el 

objetivo de este Bloque consiste en utilizar los QDs como herramientas en la 

nanotecnología analítica aprovechando su carácter reductor tanto en medios 

acuosos como orgánicos. Los estudios llevados a cabo para tal fin se enfocaron 

hacia diferentes áreas de aplicación y se recogen en los dos siguientes Capítulos: 

 En el Capítulo 10 se propone un método de determinación de ácido fólico 

no metabolizado en muestras de orina. El interés en la determinación de este 

compuesto en el área clínica se debe a su potencial uso como biomarcador de 

ciertas enfermedades o desordenes metabólicos. El método se basa en la reducción 

del ácido fólico presente en la orina con los QDs obteniendo un derivado reducido 

del ácido fólico muy fluorescente (λem=455 nm, λexc=370 nm) y estable, gracias al 

poder reductor de los CdSe/ZnS en medio acuoso. 
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 En el área agroalimentaria se desarrolla un método para la determinación 

del herbicida diquat en muestras de cereales de avena. Este trabajo introduce dos 

aspectos de interés: 1) demuestra la capacidad de los QDs de ser usados como 

reductores en disolventes orgánicos, y 2) propone la idea de utilizar los QDs 

retenidos en un filtro, lo que supone una considerable simplificación del proceso 

analítico así como un ahorro de reactivos.  Este trabajo queda recogido en el 

Capítulo 11 de la Memoria. 
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in food grains using quantum dots as new reducing agent 
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CdSe/ZnS QD have demonstrated capacity to act as reducing agent in organic 

media such as acetonitrile and ethanol. By using fluorescence and Raman 

spectroscopy, it has been demonstrated that QDs reduce diquat herbicide to its 

monocation radical. The reaction is characterized to present a high reaction rate 

making possible to perform the reaction by simple filtration of the solution 

containing the herbicide through a QDs modified filter. The monocation radical 

presents a high fluorescence emission spectrum which was selected as the 

analytical signal to quantify the diquat herbicide. The method described here for 

the analysis of diquat herbicide in oat grains is simple and fast allowing the 

analysis of trace level of herbicide in only 6 min. The excellent sensitivity and 

reproducibility of the methods indicate that the reaction is favoured from both 

thermodynamic and kinetic point of view. The results presented open up the 

possibility to use QDs as redox agent. The sensitivity of the method expressed as 

detection limit was only of 0.01 mg·kg−1. The lineal range was between 0.05 and 

0.5 mg·kg−1. The time of analysis per sample, including extraction, reaction and 

fluorescent measurement was only of 6 min. 
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INTRODUCTION 

Quantum dots (QDs) have gained increasing interest during the past decade 

due to their unique and novel properties [1]. Their size-tunable optical property, 

broad absorption, narrow emission, intense brightness, and good photostability 

have made them more attractive than conventional organic fluorophores for 

developing analytical and biomedical applications [2–4]. While discussion of the use 

of QDs is focus mostly on fluorescence, it is important to keep in mind that QDs are 

not simple fluorophores. Recently, it has been reported that the molar ratio Cd/Se 

does not correspond to the to the wurtzite crystal structure with a 1:1 (Cd:Se) 

stoichiometry. In fact ratios up to 1.16 and 1.27 have been reported [5–7]. 

Therefore, QDs are characterized by a stoichiometric wurtzite core and a Cd ion 

excess on its surface. In this work, we propose as this Cd ion excess can act as a 

reduction agent. QDs are able to transfer electrons to redox-active molecules. The 

redox potential of the conduction band (ECB) of the CdSe/ZnS QDs was reported to 

be −1.3 V, while the CB redox potential of bulk CdSe are taken to be −0.2V [8]. It 

has been demonstrated that smaller QDs has greater redox potential [9,10]. It has 

been reported that, for 7.5nm diameter CdSe colloids, the conduction band is 

estimated to be −0.8V and shifts to negative potentials with decreasing particle size 

such as to −1.57V for 3.0nm particles [11,12]. Thus, CdSe QDs with their increased 

band gaps are expected to have favorable conduction band energies for performing 

as reducing agent. However, several researchers have found lower conversion 

efficiencies for injecting electrons observed in small QDs. It is suspected that this 

result maybe due to the higher concentration of electron acceptors and associated 

free holes give rise to Auger recombination, which is much faster than radiativa 

recombination [13]. 
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To date, most of the works are devoted to study the redox capacity of QDs in 

aqueous solutions. In this work, we exploit for first time the redox capacity of QDs 

in organic solvents such as acetonitrile. To this end, diquat herbicide (1,1’-ethylene-

2,2’-bipyridilium dibromide) was selected as electron acceptor. The redox QDs 

characteristic has been used to develop a simple and effective analytical method 

for the determination of diquat herbicide residues in seed crops by direct 

fluorescent measurements in organic extracting solvent. The proposed method 

involves three steps: Isolation of the diquat from the samples by ultrasound-

assisted lixiviation with acetonitrile, the reduction of diquat with CdSe/ZnS 

quantum dots retained in a filter and finally, the native fluorescent measurement 

of the diquat reduced product. 

Herein, we first report as the new chemistry provided by nanoparticles, such as 

QDs, allows new possibilities. 

EXPERIMENTAL 

Materials and reagents  

All chemical reagents were of analytical grade and used as purchased with no 

additional purification. Cadmium oxide (99.99%), trioctylphosphine oxide (TOPO, 

99%), trioctylphosphine (TOP, 90%), selenium (powder, 100 mesh, 99.99%), 

diethylzinc solution (ZnEt2, 1 M in hexane), bis(trimethylsilyl) sulphide ((TMS)2S), 

anhydrous methanol and anhydrous chloroform and acetonitrile were purchased 

from Sigma Aldrich (Madrid, Spain). Hexylphosphonic acid (HPA) was obtained from 

Alfa Aesar (Karlsruhe, Germany). Diquat (1,1´-ethylene-2,2´-bipyridilium dibromide, 

C12H12N2Br2) was supplied by Sigma Aldrich (Madrid, Spain). A 100 mg·L-1 stock 

standard solution of diquat was prepared in methanol and stored at 4 °C. Working 
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standard solutions were prepared daily by diluting the stock standard solution with 

appropriates volumes of methanol depending on the required concentration. Oat 

seeds in grains were purchased from Natursoy (Barcelona, Spain, 

www.natursoy.com) which certified that their crops are obtained following an 

ecological and biological agriculture and therefore, they are free of herbicides. 

Instrumentation  

Absorption and fluorescence emission spectra were measured on a PTI 

QuantaMasterTM Spectrofluorometer (Photon Technology International) equipped 

with a 75 W xenon short arc lamp and the model 814 PTM detection system. 

FeliX32 software was used for fluorescence data collection and analysis which also 

controlled the whole instrument. The slits for excitation and emission widths were 

both 5 nm. All optical measurements were carried out in 1 cm quartz cuvettes at 

room temperature under ambient conditions. 

Synthesis of CdSe/ZnS quantum dots and their retention in a disk filter 

Core–shell quantum dots (ZnS–capped CdSe) were synthesized using CdO as 

precursor via the procedure described by Peng’s group [14], although some slight 

modifications were made here. Briefly, 0.03 g of CdO, 0.11 g of HPA and 3.5 g of 

TOPO were loaded into a 100 mL glass three-neck flask. The mixture was heated to 

300-310 ºC under nitrogen atmosphere for 15 min to allow the complete 

dissolution of CdO in HPA and TOPO. After cooling the temperature of the solution 

down to 270 ºC, 1.2 mL of selenium stock solution was swiftly injected. The 

selenium stock solution was prepared by dissolving 0.0255 g of selenium powder in 

1.5 mL of TOP, to produce a 0.215 M stock solution of trioctylphosphine selenide 

(TOP-Se). Nanocrystals were left to grow for about 20 min at 250 ºC. Subsequently, 
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1.5 mL of the Zn/S/TOP stock solution (1.75 mL ZnEt2, and 0.26 mL (TMS)2S in 10.25 

mL TOP) was added dropwise to the mixture under vigorous stirring. The mixture 

was then cooled to 90 ºC and stirred for several hours. After cooling down the 

solution to room temperature, the QDs solution was transferred to a glass vial and 

diluted with 10 mL of chloroform anhydrous. Then, the synthesized QDs were 

purified by adding 10 mL of methanol to 10 mL of the QDs solution, QDs were 

precipitated, collected by ultracentrifugation (at 13.000 rpm) and washed with 

methanol several times. The purified QD nanocrystals were then dispersed in 10 mL 

of anhydrous chloroform and stored in the darkness. This synthesis yield QDs with 

molecules of TOP/TOPO on their surface giving stability and solubility of the QDs in 

the chloroform. 

In order to minimize the consuming of QDs, their retention on a 0.45 μm nylon 

disk filter is proposed. For that, a disk filter is washed several times with chloroform 

and after 1 mL of a concentrated solution of CdSe/ZnS QDs in chloroform (0.20 

mg·mL-1 ) is passed through it using a 1mL–syringe. The amount of QDs immobilized 

was optimized and the best results were obtained for 0.20 mg. Finally, 5 mL of 

chloroform are passed through the filter to assure that QDs are well-retained and 

no losses are produced after the filtration. The chloroform was evaporate to 0.5 

mL. The fluorimetric analysis of the preconcentrated solution pointed out the 

absence of QDs. QDs were retained on the filter through interaction of TOP/TOPO 

molecules with the nylon. 
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Extraction procedure of diquat from samples 

 Extraction with an organic solvent using a blender, a homogenizer or shaking 

is still the most widely used approach for the isolation of pesticides from solid 

foods [15-18]. The most commonly used extraction solvents are acetonitrile, 

acetone and ethyl acetate which have been shown to give high recoveries for a 

wide range of pesticides. For diquat extraction, the solvents most commonly used 

are acetonitrile and ethyl acetate. However, ethyl acetate also extracts lipids 

readily, which makes acetonitrile the most advantageous solvent in the extraction 

of pesticides from food seed samples. In the case of matrices such as food that 

tightly retain certain analytes, sonication is an extraction approach that can often 

break matrix–analyte interactions and achieve higher recoveries than simple 

blending or shaking [19]. 

Diquat was extracted from cereal seed samples by ultrasound-assisted 

extraction using acetonitrile as solvent. The proposed extraction method for 

extraction of diquat from is similar to procedures previously reported with some 

modifications [20,21]. An aliquot of oat grains (0.5 g) was placed into a glass vial 

(ca. 10 mL) and 1 mL of acetonitrile was added. The vial was closed and the 

extraction was carried out in an ultrasonic bath for 5 minutes (ultrasonic bath; 50 

W, 60 Hz). Then, the grains were left to deposit at the bottom by decantation and 

the supernatant organic phase (acetonitrile extract) was collected with a pipette 

and transferred to a 4 mL-vial. The effect of the extraction time in the ultrasonic 

bath was checked in the range of between 2 and 15 min. the recoveries obtained 

for diquat were maximum between 5 and 10 min, while a slight decrease in 

recovery was observed at longer ultrasonic times. Therefore, a time of 5 min of 

extraction in the ultrasound bath was chosen working with 0.5 g of sample and 1 
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mL of solvent. The ultrasonic bath accelerates the extraction process so it only 

takes 5 minutes.  

One of the advantages of this extraction method is that the acetonitrile extract 

did not require any clean up step. Although the resulting extracts obtained with 

real oat samples were not as clean as those obtained working with standards, a 

clean-up procedure was not necessary thanks to the selectivity and sensibility of 

the detection technique employed. It was only necessary to correct the background 

noise using as analytical signal (I–Io). The higher background working with real 

samples is probably owing to the co-extraction of proteins, sugars or other 

compounds from the oat samples. 

Reduction procedure and fluorescence measurements 

The acetonitrile extract of oat sample (1 mL) was filtered through a QD-filter 

(QD-disk), so the diquat residues were reduced by QDs obtaining a diquat reduction 

product which presented a characteristic fluorescence. A 0.8 mL portion of the 

filtrate was then transferred into a 1 cm quartz cuvette and the fluorescent 

emission was registered between 600 and 800 nm under an excitation wavelength 

of 290 nm. Before passing the extract of the sample, the QD-filter was 

preconditioned by passing successively 3 mL chloroform and 3 mL of acetonitrile. 

After the extract of the sample was filtrated, the QD-filter was washed with 5 mL of 

chloroform in order to remove any residue adsorbed on the filter and stored until 

the following use. The outline of the method (extraction, reduction and 

fluorescence detection) is shown in Scheme 1. 
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Scheme 1. The outline of the method including the threes steps involving in the 
whole procedure: step 1: diquat extraction from oat samples; step 2: diquat 
reduction by QDs and step 3: fluorescence detection of reduced product.  

RESULTS AND DISCUSSION 

Fluorescence spectra of diquat and diquat reduction product 

A previous study of the native fluorescence of dication diquat (DQ2+) in 

acetonitrile showed that it presents a maximum emission fluorescence at 350 nm 

(under excitation of 290 nm), but its intensity is low. For this reason, the most 

commonly used fluorimetric method for diquat determination are based on its 

reduction in aqueous media with, for example, sodium borohydride to its 

corresponding monocation radical which is unstable but it presents a high 

fluorescence. In this work, the reaction between the QDs and DQ2+ in acetonitrile 
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media leads to a stable product and a highly fluorescence product with a 

characteristic emission maximum at 666 nm. The most logical interpretation of this 

fact is thought to be the reduction of the dication diquat (DQ2+) to its monocation 

radical (DQ•+) following the Equation [1].  

             CdSe/ZnS (ne-) + n DQ2+ → CdSe/ZnS + n DQ•+    [1] 

DQ2+ reacts with the QD electrons and the electron transfer occurs to the 

electronic ground state of DQ2+ yielding DQ•+ radicals. The high efficiency of the 

QDs reduction is attributed to the large driving force for electron transfer to the 

diquat, which in turn arises from the much more negative potential of excited QDs 

electrons (–1.0 eV vs NHE) relative to the diquat reduction potential (–0.348 eV vs 

NHE). Figure 1 shows the fluorescence emission spectra of diquat (A) and its 

reduced product after its reduction with QDs in two different solvent media: 

ethanol (B) and acetonitrile (C).  

 

Fig. 1. The fluorescence emission spectra of 0.05 mg·L−1 diquat (A) and its reduced 
product after the reaction with QDs in ethanol (B) or in acetonitrile (C). 
Concentration of diquat 0.05 mg·L−1. 
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Effect of organic solvent using as reaction media 

Depending on the solvent used to carry out the reaction between diquat and 

QDs, the reaction pathway seems to be different since different diquat reduced 

product are obtained. It has been reported that the redox potentials of the QDs 

depend on solvent media [22] and also are altered upon change in oxidizing or 

reducing environment conditions. When the reaction is carried out in ethanol, the 

product formed presents a fluorescence spectrum with a maximum at 480 nm. 

However, when acetonitrile is the solvent, the product obtained has a very 

different spectrum with higher intensity and an emission maximum at 666 nm. 

These two different behaviours depending on the medium are presented in Fig. 1. 

The product obtained in ethanol seems to be the same that obtained when sodium 

dithionite is used as reducing agent, since the fluorescence product presents the 

same characteristic spectra. Moreover, it has found that this product is unstable as 

has been described in the literature. In contrast the diquat reduction product 

formed in acetonitrile is stable at least one hour (Fig. 2).  

 

Fig. 2. Stability of the diquat reduced product (0.5 mg·L−1) obtained in acetonitrile. 
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For these two reasons, the higher fluorescence and longer stability of the 

product formed, the acetonitrile was chosen as reaction media. Also it is important 

to remark that since acetonitrile was the extracting solvent, no change of solvent is 

required. 

Raman spectra of diquat and diquat reduction product 

To try to characterize the product obtained after the reaction of the dication 

diquat with the QDs, the Raman spectra before and after the reaction were 

recorded. As can be seen in Fig. 3, several changes on the relative intensity and 

position of some bands were observed. The most intense bands of the diquat 

dication (DQ) and its product (DQ*) appeared at 553, 737, 1195(1198), 1324(1320), 

1532(1534), 1579(1581) and 1615(1617) cm-1 for of the original diquat dication 

(DQ) and its product (DQ*)  The three bands at 1532, 1579 and 1615 cm-1 in the 

spectra of the dication diquat (DQ) are attributed to the totally symmetric ring 

stretching vibrations [23]. These bands show a slight increase in intensity and a shift 

upwards giving rise to the bands recorded at 1534, 1581 and 1617 cm-1. Besides, 

the band at 1324 cm-1 can be assigned to totally symmetric inter-ring stretching 

vibration sensitive to the rotation around the C–C inter-ring bond. In the spectra of 

the diquat product after the reaction this band increases and undergoes a shift 

downwards up to 1320 cm-1, as consequence of the increase of the dihedral angle  

in the diquat product. All these changes are correlated with changes in the 

torsional angle between the aromatic rings of the bipyridinium moiety. These 

changes suggest that the radical monocation is obtain as product of the reaction, 

because the radicals exhibit reduced torsional angle and increased inter-ring bond 

order, compared with the parent dication [24].Therefore, the aforementioned 
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hypotesis that the QDs reduce the dication diquat to the monocation radical 

appears to be the most coherent interpretation of experimental results. 

 

Fig. 3. Raman spectra of diquat: (A) before, DQ and (B) after, DQ* the reaction of 
the dication diquat with the QDs. λexc = 633 nm, 20 mW. 

Based on the fluorescence spectra obtained in acetonitrile as well as the 

Raman spectra, the reduction of DQ2+ to DQ0 was discarded and it was assumed 

that DQ2+ is reduced to DQ•+.  

Thanks to the ultrafast electron transfer kinetic from QDs to DQ2+, to develop 

the application, QDs were immobilized on a filter and DQ2+ were reduced by a 

simple filtration through the modified filter. The modified filters were prepared as 

described in the experimental section. A photograph is presented in Fig. 4. As can 

be seen homogenous filters were obtained. The main aim of that is to minimize the 

consuming of QDs. But also other advantages achieved with the use of QD-filters 

are easier to handle and non-interference of QD on the measurement of 

fluorescence. 
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Fig. 4. A photograph under UV light of the obtained filter with 0.2 mg of QDs 
retained. 

Effect of amount of QDs retained 

The effect of the amount of QDs on the analytical signal was studied. For this 

study, the analytical signal was defined as I–Io (being Io the fluorescence of the 

filtrate in absence of diquat and I the fluorescence of the filtrate after 1 mL of 0.5 

mg·L−1 diquat solution was passed through the QD-filter). The fluorescence of 

product increased when increasing the amount of QDs up to 0.2 mg, above which, 

the analytical signal was maintained approximately constant which means that 

diquat is quantitatively reduced while passing through the filter (Fig. 5). From these 

results, the optimum amount to be retained on the filter was 0.2 mg of QDs. 
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Fig. 5. Effect of the amount of QDs retained on the filter when 1 mL of 0.5 mg·L−1 
diquat solution was passed through the QD-filter. 

Regeneration and reusability of filter 

In order to use the same QD-filter for several analyses, their regeneration was 

evaluated. Different numbers of washes cycles with different organic solvent 

(chloroform, acetonitrile and ethanol) were assayed. Regardless of the number of 

washes, the use of ethanol as washing solvent led to an important decreasing on 

the analytical signal. It is probably owing to that ethanol produces the aggregation 

of QDs by removing TOPO/TOP molecules. For that reason, the use of ethanol was 

ruled out. It was found that 5 mL of chloroform were enough to remove any 

residue adsorbed on the filter and regenerate the modified filter. Acetonitrile was 

only used for the preconditioning of the filter just before the analysis. Then, the 

selected procedure was the following: QD-filter is preconditioned by passing 

successively 3 mL chloroform and 3 mL of acetonitrile, then the sample is filtrate 

and finally QD-filter is washed with 5mL of chloroform. In this way, the same QD-
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filter was successfully used for thirteen analysis obtaining RSD of 2.1%, as can be 

seen in Fig. 6. 

 

Fig. 6. The signals obtained using the same QD-filter for sequential analyses. 
Between analyses the QD-filter was washed and preconditioned following the 
described procedure. 

Analytical features of the proposed method 

The analytical performance of the proposed method was studied in order to 

evaluate its usefulness for quantitative analyses. Calibration graphs of the 

analytical signal versus concentration for standard solutions were registered. The 

analytical signal was I–Io. 

The calibration curve was determined for concentrations ranging from 0.01 to 

0.5 mg·L-1. Each concentration level was analysed in triplicates, and the response 

was linear in the range of concentrations tested (R2 = 0.9985). The precision of the 

measurements was evaluated at a concentration of 0.5 mg·L-1 obtaining a relative 

standard deviations (n = 7) of only 1.9%. The detection and quantification limits, 
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defined by the IUPAC as the concentrations that originated signals equal to three 

and ten times the noise signal, were 2.4 μg·L-1 and 8.0 μg·L-1, respectively. 

However, the limit of detection for real oat samples was 7.5 μg·L-1 owing to the 

higher signal of the background noise of samples (noise of blanks). The analytical 

features of the method developed are summarized in Table 1. 

Table 1. Analytical features of the method. 

Calibration equation  (I–Io) = 3611410 [DQ] + 16419 

R2 0.9985 

Lineal range 0.01–0.5 mg·L-1 

LODa (with standards) 2.4 μg·L-1 

LODb (with real samples) 7.5 μg·L-1 

RSDc (%) 1.9 % 

[DQ]: Concentration of diquat in mg·L-1. 
a,b Limit of detection, determined as IUPAC definition (S/N = 3). 
c Relative standard deviation, determined from seven measurements of 0.5 mg·L-1 diquat. 

 

Application to the determination of diquat in oat seed samples 

In order to check the analytical usefulness of the proposed method, samples of 

oat seeds were fortified and analysed following the recommended procedure. 

Cereals desiccated with diquat are the most important potentialsource of 

human intake of diquat residues. Among desiccated cereals crops those which do 

not lose its hull (such as oat and barley) present higher diquat residues [25]. For 

that reason, oat grains were selected as target sample (model sample) in the 

present work. It is also important to indicate that the spray-deposited residue of 

diquat in desiccated crops is located primarily in the outer layers of the grain. 

Overall, residue levels in bran are approximately twice those in whole grains [25]. 
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Therefore, the extraction procedure proposed is addressed to extract only the 

diquat residues on the outer surface of the grains working with whole grains 

instead of crushed grains.  

The oat samples used for tested the applicability of the proposed method were 

obtained from an ecological and biological agriculture in herbicide free crops. 

Moreover, previous checking of the unwashed samples showed there were no 

detectable levels of target analyte, so they were spiked with the herbicide.  

The fortification procedure was the following; 0.5 g portions of oat seeds 

(equivalent to 20 grains approx.) were spiked at different concentration levels 

(0.05–0.7 mg·kg−1) using standard solutions of diquat in methanol, and allowed air-

dry prior to extraction. This fortification procedure was successfully used in 

previous works for the spiking of several herbicides in food samples [26,27]. 

Isolation of diquat from fortified samples was accomplished by extraction with 

acetonitrile assisted by ultrasound, as it is described in Section 2.4. Blank samples 

(without spiking) were also extracted in order to evaluate possible background 

interferences. The signal of fluorescence intensity obtained with these blank 

samples is referred as Io. This background signal was slightly higher than those 

obtained working with standards. The increase of the background noise is probably 

due to the co-extraction of other compounds from the samples which produce 

acetonitrile extracts with a slight cloudiness. But this higher noise was easily 

overcame subtracting the background signal from the samples signals; in other 

words, using the difference (I–Io) as analytical signal. The satisfactory results 

showed the effectiveness of the extraction method for the extraction of diquat in 

studied samples.  
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Recovery test was performed in order to study accuracy of the analysis of 

spiked samples. For the recovery study, four fortification levels were assayed and 

the recoveries values are shown in Table 2. The results obtained showed good 

agreement with the amount added to each sample. Acceptable recoveries between 

82.0% and 96.6% depending on the concentration level were obtained. Each 

sample was analysed in triplicate in order to evaluate the precision of the method. 

The coefficients of variation ranged from 1.5% to 4.2%.  

Moreover, the detection limit achieved in real oat grains (7.5 µg·L−1 in extract 

equivalent to 0.01 mg·kg−1) was much lower than the maximum pesticide residue 

level (MRL) set at 2 mg·kg−1 for oats cereals in the latest update of EU legislation 

(Regulations EC no. 149/2008) [28]. Thus, these results show the suitability of the 

proposed method for the analysis of diquat residues in oat crops samples. 

Table 2. Recovery study. 

Fortification  
level  

Sample  
amount (g) 

Added amount  
(mg·Kg-1) 

Found amounta 
(mg·Kg-1) 

 
Recovery (%) 

 

 
CV (%) 

1 0.5  0.05 0.041 ± 0.004  80 - 86 4.2 

2 0.5  0.14 0.127 ± 0.005 89 - 92 1.6 

3 0.5  0.50  0.47 ± 0.03 91 - 96 2.7 

4 0.5  0.70  0.68 ± 0.04 95 - 101 4.4 

a Average of three independent spiked samples ± CI (p<0.05). 
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CONCLUSION 

A spectrofluorimetric method for the determination of diquat in cereals crops 

has been developed based on the reduction reaction of diquat with CdSe/ZnS 

quantum dots in acetonitrile. In summary the method involves three steps: Diquat 

extraction from seeds with acetonitrile accelerated with ultrasonic, reduction of 

diquat with QDs retained in a filter and measurement of the diquat reduction 

product by fluorescence.  

The main innovation proposed in this work is the use of quantum dots as 

reducing agent, which leads to several advantages compared to other reduction 

procedure described. These advantages are the following: 1) the reduction reaction 

can be carried out in organic solvent (acetonitrile), so it is not necessary to change 

the medium after the extraction step; 2) the reduction of diquat by QDs is very fast 

while using sodium dithionite the reaction takes 5–6 min to reach equilibrium; 3) 

the diquat reduction product is stable at least one hour while that one obtained 

using dithionite which is very unstable. 

Another important aspect presented here is the simplification of the steps 

involved in sample treatment for the analysis of these matrices by using low-cost, 

inexpensive methodologies and instrumentation commonly used in routine 

laboratory analysis. In this context, a procedure based on ultrasonic solvent 

extraction with low amounts of organic solvent direct analysis of the organic 

extracts has been developed. Moreover, QDs (reducing agent) have been retained 

on a filter in order to minimize their consuming. The high fluorescence quantum 

yield of the reduced product obtained has allowed a simple, rapid and sensitive 

method with a detection limit of 0.01 mg·kg−1 (much lower than the MRL). 
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CdSe/ZnS QDs for the simple determination of unmetabolized 

folic acid in urine as biomarker of certain disorders  

C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel 

Department of Analytical Chemistry, University of Córdoba, E-14071 Córdoba, Spain. 

A rapid and sensitive kinetic-spectrofluorimetric method has been developed for 

the determination of folic acid in human urine. The method is based on the 

reduction of the folic acid by CdSe/ZnS quantum dots (QDs) obtaining a highly 

fluorescent reduced folic acid derivative (λem=455 nm, λexc=370 nm). The QDs are 

responsible not only for the reduction of folic acid into a strongly fluorescent 

compound but also for preserving the formed 5,6,7,8-tetrahydrofolic derivative, 

making the system more stable in time under the atmospheric working 

conditions. The proposed kinetic method permits us to determine folic acid in 

human urine and to avoid the natural fluorescence of the urine. Under the 

optimum conditions, it is possible to analyse the folic acid from 0.5 mL of sample 

with a detection limit of 2 μg·L-1 and relative standard deviation of 3.4 %. The 

recovery for the analysis of spiked samples ranged from 85.3 to 100.7 %. The 

proposed sample treatment method was simple, only a clean-up procedure using 

centrifugal filters (Microcon device with Ultracel YM-30 membrane) was required. 

This simplicity makes this method suitable for the rapid detection of 

malabsorption, metabolic disorders or over-comsumption of folic acid in humans. 

Finally, the proposed method was compared with previously reported 

luminescent methods. 
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INTRODUCTION 

Folic acid (vitamin B9; 4-(2-amino-4-hydroxypteridin-6-yl)methylamino-

benzoyl-L-glutamic acid) is a water-soluble B group vitamin. The generic term 

‘‘folate’’ refers to the class of compounds having a chemical structure and 

nutritional activity similar to that of folic acid (pteroyl-L-glutamic acid). Folic acid 

(FA) functions primarily as a methyl-group donor involved in many important 

metabolic and nervous system biochemical processes, including DNA synthesis. 

Among others functions, FA plays a role in biosynthesis of methionine, purine, and 

pyrimidine [1] and is required for conversion of serine and glycine in amino acid 

metabolism [2]. Because humans cannot synthesize this compound, it is a dietary 

requirement. FA is absorbed in the small intestine and is mainly converted in the 

liver through several steps into the methylated derivative of tetrahydrofolic acid, 5-

methyltetrahydrofolic acid, which is the predominant form of folate in human 

plasma/serum [3]. However, the liver has only a limited ability to make this 

conversion and the unmetabolized free folic acid could be found in blood and urine 

[4,5]. 

In recent years, several clinical studies have shown that folate deficiency may 

be associated with the risk of neural tube defects during pregnancies [6–8], 

coronary heart disease *9,10+, certain forms of tumors *11+ and Alzheimer’s disease 

[12,13]. To lower the risk of these disorders, the Food and Drug Administration of 

the USA (FDA) has stipulated for adults a daily recommended intake (DRI) of 400 μg 

dietary folate equivalents per day. This value is stated as 800 μg during pregnancy 

and 500 μg during lactation *14,15+. In January 1998, the FDA introduced 

mandatory fortification of cereal-grain products with FA at a concentration of 140 
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μg/100g *l6+. In the UK, the Department of Health proposed fortification of flour 

with FA at 240 μg/100 g *17+. In Europe, however, the authorities recommend to 

increase the folate intake by supplementation only on a voluntary basis. The 

importance of FA in the human diet is clearly represented by the many disorders 

that can occur from folate deficiency. Despite this, FA deficiency is one of the most 

common vitamin deficiencies. The following may contribute to a deficiency of FA: 

deficient food supply; defects in utilization, as in alcoholics or individuals with liver 

disease; some intestinal diseases; malabsorption; increased needs in pregnant 

women, nursing mothers, and cancer patients; metabolic interference by drugs; 

folate losses in hemodialysis; and deficiencies in enzymes or cofactors needed for 

the generation of active folic acid. Evidence indicates that some individuals with 

faulty absorption of the vitamin or a genetic defect of the enzyme 

methyltetrahydrofolate reductase which converts folic acid to the 5-

methyltetrahydrofolate coenzyme form present high amounts of unmetabolized 

folic acid (free FA) in urine. On the other hand, since the mandatory fortification of 

cereal-grain products with FA in USA and the recommendation to take folic-acid 

pills, some problems associated with overconsumption of FA are being found. 

Some researchers warn that intakes of FA of more than 1 mg per day, from 

whatever source, will increase the body’s exposure to circulating unmetabolized 

FA. This is not to be recommended, because high doses of FA are suspected of 

exacerbating certain cancers, such as bowel cancer and breast cancer in 

postmenopausal women [18–20]. Moreover, studies have confirmed that 

unmetabolized FA accelerates cognitive decline in the elderly people with low 

levels of vitamin B12 [21,22]. 
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Following oral administration of single 100 to 200 μg doses of FA in healthy 

adults, only a trace amount of the drug appears in urine. However, if folic acid is 

consumed in amounts exceeding 250 μg in a single dose or as additive in a meal, 

the renal tubular reabsorption maximum is exceeded, and excess folate is excreted 

unchanged in urine [23]. Therefore, excessive consumption of food rich in FA (in a 

natural way or fortified-foods) or other types of folic acid supplementation has 

been correlated with the presence of high levels of acid in urine. In addition, 

problems such as malabsorption or intestinal diseases can also be responsible for 

high amounts of unmetabolized FA [24]. Recently the association of several 

disorders [25,26] with the body’s exposure to circulating unmetabolized FA (free 

form of FA) has stimulated interest in the development of analytical methods for 

the determination of free FA in plasma and urine.   

Folate content in biological fluids and in various foods has been traditionally 

determined using a microbiological assay (MA).  This assay uses the bacterium 

Lactobacillus casei and is based on the quantitative relationship between folate 

content and growth of Lactobacillus rhamnosus [27,28]. There are, however, 

several limitations with MA including tedious laboratory work, lack of information 

on the individual folate forms, multiple interferences from the sample matrix, and 

significant growth response differences to various folate forms [29,30]. In recent 

years, many methods, including spectrophotometry [31-35], electrochemistry [36-

38], and chromatography-mass spectrometry [39,40], have been reported for the 

determination of folic acid in pharmaceutical formulations, biological fluids or food. 

Some of these methods lack adequate sensitivity and some are time-consuming or 

costly. Chemiluminescence, characterized by its high sensitivity, wide linear range, 

and simple instrumentation, has been used to determine folic acid [41-47]. 
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However, this method suffers serious interferences. Spectrofluorimetric analysis is 

an attractive procedure, especially for assay of drugs, because it enables the 

selective and sensitive determination of low concentrations of analytes. Although 

folic acid has little native fluorescence, it can be turned into a strongly fluorescent 

compound by different derivatization strategies. Among them, photochemical 

reaction [48,49], oxidation by potassium permanganate [50] and hydrogen 

peroxide [51,52], reduction by sodium borohydride [53] and derivatization with 

fluorescamina [54,55] have been reported. 

In several electrochemical studies [56-62], the redox properties of the system 

folic acid-dihydrofolic acid-tetrahydrofolic acid have been examined, showing that 

the reduction of folic acid can involve several reduction steps. The first reduction 

corresponds to a reversible transfer of 2e-. This process correspond to the 

conversion of folic acid into 5,8-dihydrofolic acid. The second reduction, also with a 

transfer of 2e-corresponde to the reductive cleavage of the latter dihydro 

derivative between the C-9 and N-10 positions to give 7,8-dihydro-2-amino-4-

hydroxy-6-methylpteridine. Finally, the third reduction step of 2e- is due to the 

corresponding 5,6,7,8-tetrahydro derivative. 

According to literature, QDs are able to transfer electrons to redox-active 

molecules thanks to the presence of Cd ion excess on the QD surface which can act 

as a reduction agent [63–65]. The redox potential of the conduction band (ECB) of 

the CdSe/ZnS QDs was reported to be –1.3 V, while the CB redox potential of bulk 

CdSe are taken to be –0.2 V [68]. It has been demonstrated that smaller QDs has 

greater redox potential [67,68]. CdSe QDs also are reductants. For example, 7.5 nm 

diameter CdSe colloids, present an estimated conduction band of –0.8 V with a 
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shifts to negative potentials when decreasing particle size such as to –1.57 V for 

3.0 nm particles [69,70].  

Recently, our research group has demonstrated that CdSe/ZnS QDs are able to 

reduce the diquat dication to its radical monocation in acetonitrile medium (in 

preparation).  

Therefore, according with the reported redox properties of the folic acid 

system and the reduction potential of CdSe/ZnS QDs (about –1.3 V), QDs would 

reduce the folic acid (FA) to its 5,6,7,8-tetrahydrofolic derivative (FH4). In this work, 

we exploit the redox capacity of QDs to develop a simple, rapid, and reliable 

kinetic-spectrofluorimetric method for the determination of unmetabolized FA in 

human urine. The method involves the reaction between the CdSe/ZnS QDs and 

the FA after removing proteins of the urine samples. The reduced folic acid derivate 

highly fluorescent and stable can be related with the concentration of FA in the 

sample. 

EXPERIMENTAL 

Reagents  

All chemical reagents were of analytical grade and used as purchased with no 

additional purification. Cadmium oxide (99.99%), trioctylphosphine oxide (TOPO, 

99%), trioctylphosphine (TOP, 90%), selenium (powder, 100 mesh, 99.99%), 

diethylzinc solution (ZnEt2, 1 M in hexane), bis(trimethylsilyl) sulphide ((TMS)2S), 

anhydrous methanol, anhydrous chloroform and folic acid were purchased from 

Sigma Aldrich (Madrid, Spain). Hexylphosphonic acid (HPA) was obtained from Alfa 

Aesar (Karlsruhe, Germany).  
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Stock solution of folic acid (FA) was prepared by dissolution 2 mg of FA in 2 mL 

of NaOH 0.1 M and diluting to 100 mL with water in a calibrated flask. Working 

solutions were prepared daily from stock solution by appropriate dilution with 

water. 

Apparatus  

Absorption and fluorescence emission spectra were measured on a PTI 

QuantaMasterTM Spectrofluorometer (Photon Technology International) equipped 

with a 75 W xenon short arc lamp and the model 814 PTM detection system. 

FeliX32 software was used for fluorescence data collection and analysis which also 

controlled the whole instrument. The kinetic curves were registered with λexc=370 

nm and λem=445 nm, and taking one experimental point per second. The slits for 

excitation and emission widths were both 5 nm. All optical measurements were 

carried out in 10-mm quartz microcuvettes (1400 µL) at room temperature under 

ambient conditions. 

CdSe/ZnS QDs synthesis and preparation of reagent solution 

Core-shell quantum dots (ZnS-capped CdSe) were synthesized using CdO as 

precursor via the procedure described by Peng’s group *71+. Briefly, 0.03 g of CdO, 

0.11 g of HPA and 3.5 g of TOPO were loaded into a 100 mL glass three-neck flask. 

The mixture was heated to 300–310 ºC under nitrogen atmosphere for 15 min to 

allow the complete dissolution of CdO in HPA and TOPO. After cooling the 

temperature of the solution down to 270 ºC, 1.2 mL of selenium stock solution was 

swiftly injected. The selenium stock solution was prepared by dissolving 0.0255 g of 

selenium powder in 1.5 mL of TOP, to produce a 0.215 M stock solution of 

trioctylphosphine selenide (TOP-Se). Nanocrystals were left to grow for about 20 
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min at 250 ºC. Subsequently, 1.5 mL of the Zn/S/TOP stock solution (1.75 mL ZnEt2, 

and 0.26 mL (TMS)2S in 10.25 mL TOP) was added dropwise to the mixture under 

vigorous stirring. The mixture was then cooled to 90 ºC and stirred for several 

hours. After cooling down the solution to room temperature, the QDs solution was 

transferred to a glass vial and diluted with 10 mL of chloroform anhydrous. Then, 

the synthesized QDs were purified by adding 10 mL of methanol to 10 mL of the 

QDs chloroform solution, QDs were precipitated, collected by ultracentrifugation 

(at 13.000 rpm) and washed twice with methanol. The purified TOPO/TOP-capped 

CdSe/ZnS QDs were then dispersed in chloroform at 2 mg·mL-1 and stored in the 

darkness. This solution was stable for at least ten months. 

The reagent solution of QDs was prepared by dispersion of 125 μL of the 

purified QDs (~0.25 mg) in 3 mL of ethanol and after diluted with 3 mL of water. 

The mixture was sonicated for 5 min (in an ultrasonic bath; 50W, 60Hz), and it was 

then left at sunlight and room temperature for about 2 hours to photoactivated the 

QDs and allow stabilization of them in ethanol:water media. Therefore, the final 

QDs reagent solution consisted of TOPO/TOP-capped CdSe/ZnS QDs dispersed in 

ethanol:water (1:1) at a concentration of 0.02 mg·mL-1. This dispersion was 

prepared fresh each day. 

Urine samples preparation and clean-up procedure 

 Fresh human urine samples were obtained from different healthy volunteers. 

A sample from a pregnant woman taking daily 800 μg of synthetic folic acid (from 

two vitamin pills every day) was also collected. Fresh urine samples were frozen at -

20ºC immediately upon collection until analysis. 
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Following storage, urine samples were thawed, gently shaken and adjusted to 

pH=7. Aftwerards, 0.5 mL of urine was filtered through a syringe filter (0.45 μm 

pore nylon filters; Millipore Corp.) and then was subjected to filtration using a 

Microcon device with Ultracel YM-30 membrane (Millipore Corp.) to remove 

proteins. Ultracel YM-30 is a low binding regenerated cellulose membrane which 

has a nominal molecular weight limit of 3,000 Daltons. 

Procedures for the kinetic fluorimetric determination of folic acid 

General procedure; 250 μL of the working standard solution was placed 

directly into the measuring microcuvette and 250 μL of the QDs reagent solution 

was added. After agitation for 30 sec, the evolution of the fluorescence intensity 

with the time (at λexc=370 nm and λem=445 nm) was scanned up to 200 s. Finally, 

the reaction rate as the tangent in the linear period of the kinetic curve (between 

50-150 s) was obtained by linear regression and used as analytical signal. 

Analysis of FA in urine samples; The pretreated urine (after clean-up 

procedure) was subjected to a 10-fold dilution with ultrapure water. Then, 0.250 

mL-aliquots of this sample was analysed following the general procedure.  
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RESULTS AND DISCUSSION 

Characterization of the reaction product 

It is well-known that the little fluorescent folic acid can be turned into a 

strongly fluorescent derivate by different routes (Scheme 1).  

 

Scheme 1. Scheme of the different strategies to form a fluorescent folic acid derivative. 

In order to elucidate what is the strongly fluorescent product obtained after 

the reaction of the QDs with folic acid, the following assays were performed. First, 

a standard solution of FA was oxidized using hydrogen peroxide, and secondly the 

FA was reduced with sodium borohydride and the different products obtained 

were characterized by fluorescence in order to have the reference spectra of these 

oxidized and reduced derivatives, respectively. Then, the spectra corresponding to 

the product after the reaction of the QDs with FA were also recorded (Figure 1).  As 

can be seen, the product of FA reaction with QDs showed an emission peak at 445 

nm and two excitation peaks at 281 and 370 nm.  
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Figure 1. Excitation and emission spectra of products after the reaction of folic acid 
with (A) H2O2, (B) NaBH4 , and (C) QDs.  

From the comparison of the excitation and emission spectra obtained in each 

case it can be concluded that the reaction product is similar to that obtained after 

the reduction with borohydride. This would indicate that the QDs also reduce the 

FA. This result agrees with previous works that demonstrated the reduction 

potential of the CdSe/ZnS QDs [68-70]. However, the fluorescence intensity was 

enhanced greatly after the reduction with the QDs and this increase was larger 

while the QDs were present in the media. In fact, the reduction product was stable 

for at least two hours when the QD are present in the environment. But if after the 

reaction, the QD are removed from the medium by filtration the particular split of 

the first excitation peak disappears and the stability of the product decreases 
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rapidly with time (see Figure 2). This effect was attributed to the instability of the 

tetrahydrofolic acid (FH4) [51]. Therefore, the presence of QD in the medium 

creates a reducing environment by adsorbing it on their surface which prevents the 

reoxidation of the FH4, and hence the reduced product is more stable in time under 

the atmospheric working conditions. 

 

Figure 2. Excitation and emission spectra of product after reduction of FA with QDs 
before and after the removal of QDs by filtration and with QDs added to the 
filtrate; (1) before filtration:  excitation and  emission, (2) after 
filtration:  excitation and  emission, (3) filtrate with QDs added:  
excitation and  emission. 

Wan and Yang [61] observed a strong adsorption of the folic acid on a gold 

electrode. If we assume also a strong adsorption of the QD, the use of QDs as 

reductant will have to two positive effects: First, the adsorption of FA on the QD 

surface would result in a more effective electron transfer, and second, the 

adsorption of the reduced product of the folic acid (FH4) will increase its stability.  



Capítulo 11 

 

 

478 

 

According to the comparison of fluorescence spectrums and the redox 

potential of the system, QDs reduce FA to FH4. Such aspect it is depicted in scheme 

2. 

 

Scheme 2. Schematic representation of the proposed interaction–reduction 
mechanism when FA reacts with QD. FA (folic acid), FH4 (5,6,7,8-tetrahydrofolic 
acid), QD (CdSe/ZnS). 

Analytical signal 

A study of the kinetics of the reaction was carried out showing that the time 

needed to complete the reaction was ca. 10 min (600 sec).  The analytical signal 

was the reaction rate (initial slope) calculated as the tangent in the linear period of 

the kinetic curve (between 50-150 s) by linear regression. Such a reaction rate was 

directly related to the folic acid concentration. Typical fluorescence-time curves 

corresponding to a blank, and the presence of various concentrations of FA are 

shown in Fig. 3A. As this paper proposes the use of a kinetic method of initial slopes 

only the initial part of the curves was of analytical interest. Hence, the 

recommended time for data acquisition was fixed at 200 s. 
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Figure 3. (A) Typical fluorescence-time curves, obtained by the indicated procedure 
for FA concentrations: (a) 0, (b) 0.05, (c) 0.1, (d) 0.125, (e) 0.2, (f) 0.25, (g) 0.3, (h) 
0.4 μg·mL-1 ; (B) Evolution of the analytical signal with FA concentration, under the 
recommended conditions. 

Study of experimental variables 

The variables influencing the performance of the method were studied using 

synthetic urine as the blank matrix. The composition of the prepared synthetic 

urine were as follows: Na+ (0.2186 M), K+ (0.0815 M), NH4
+ (0.04 M), Mg+2 (0.003 

M), Ca+2 (0.003 M), Cl– (0.2454 M), SO4
–2 (0.02 M), PO4

–3 (0.0348 M), C2O4
–2 (oxalate, 
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0.00028 M), C6H5O7
–3 (citrate, 0.0017 M), C5H4N4O3

–2 (uric acid, 0.001 M). The 

optimum conditions were selected taking into account sensitivity and precision. 

The range studied and optimum values of the experimental variables are shown in 

Table 1.  

Table 1. Optimization of experimental variables. 

Variable Studied range Optimum value 

Medium (% ethanol) 25 – 100 25 

Sample pH 4 – 7.5 7 

QDs concentration (mg·mL-1) 0.001 – 0.05 0.01 

Data acquisition time (s) 0 – 1000 200 

 

The pH of the sample was evaluated in the range 4-7.5. The analytical signal 

increased with the pH up to pH=7 after which it did not increased significantly. 

Thus, the samples were adjusted to pH=7 before carrying out the reaction with the 

QDs. At this pH, some urine can present sediments due to the precipitation of 

proteins and phosphates. However, it was not observed the adsorption of FA in this 

sediment.  

To solubilize the system it was necessary the addition of ethanol. Therefore, 

the influence of the ethanol proportion on the reducing reaction was also studied. 

The minimum proportion of ethanol was given by the amount necessary to achieve 

an optimal dispersion of the TOPO/TOP-CdSe/ZnS QDs and it was of 25 %. By 

increasing the proportion of ethanol, the kinetics of the reaction became 

increasingly slow and the fluorescence intensity of the product was lower. Thus, 

the composition of the medium was set to ethanol:water (25:75, v/v). 
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The concentration of QDs in the reducing solution was also evaluated. For a 

concentration of 1 μg·mL-1 of folic acid in synthetic urine, the analytical signal 

increased with increasing concentration of QDs up to a value of 0.005 mg·mL-1, 

after which the signal did not vary significantly. However, the QD concentration 

was set at 0.01 mg·mL-1 to assure an excess reagent. Phosphate present in the 

sample can interfere thanks to their interaction with the QDs. Synthetic urines 

were prepared with a high concentration of phosphates (~100 mM) to assure an 

excess of QDs capable to react with FA. 

Analytical features 

Under the recommended conditions, the variation of the analytical signal 

(rate) with FA concentration is shown in Fig. 3B. The calibration graph was lineal in 

the concentration range 0.05-0.4 μg·mL-1 and the regression equation was:                

Y = (17993  501)C + (89  109) 

where Y is the reaction rate (s-1) calculated as the tangent in the linear period 

(between 50-150 s) of the kinetic curve and C is the concentration of folic acid 

(μg·mL-1), the slope is expressed as (b ± tsb) and the intercept as (a ± tsa). The 

regression coefficient was 0.9954. The detection (LOD) and quantification limit 

(LOQ) were 0.015 and 0.05 μg·mL-1 calculated as 3 and 10 times the standard 

deviation of the intercept, respectively. To determinate the precision of the 

method, five consecutive determinations of 0.1 μg·mL-1 FA were carried out and 

the relative standard deviation (RSD) was 3.0 %. 
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Analysis of real samples 

The proposed method was used for determining unmetabolized folic acid in 

human urine. Unlike other methods which attempt to determine total folate 

content (free and protein-bound, free and folate binding protein), the aim of the 

proposed method is only intended to determine the free FA and that is what gives 

the measure of unmetabolized FA and is indicative of a metabolic disorder or 

excessive consumption. For that reason, no digestion of urine samples with 

protease enzyme was carried out. To exclude the presence of folates and 

catabolites bound to proteins centrifugal filters YM-30 (NMWL=3,000 Da) were 

used. Moreover, the clean-up procedure using these centrifugal filters allowed 

removing low-molecular-weight-proteins which can interfere. The free folic acid 

passed through the membrane while the majority of proteins presented in urine 

(with MW>3,000) were retained on the membrane. 

The proposed kinetic method has been tested in the analysis of urine samples 

(from 5 healthy volunteers) spiked with FA. For the comparison of the analytical 

signals (reaction rates) obtained with standards in water and spiked urine samples,  

a set of experiments was carried out obtained 6 pareid values. No significant 

statistical difference was verified according to a paired t-test at a confidence level 

of 95% [73]. As example, the kinetic curves obtained with standards in water and 

spiked urine samples at two FA concentrations (0.05 and 0.125 μg·mL-1) are shown 

in Fig. 4.  

Moreover, the calibration curve obtained from spiked urine samples was 

compared with those obtained using standards in water (Fig. 5A). The slope of the 

calibration curve in the presence of urine was similar to the reference slope 

(external standard method), no finding significant statistical difference. A plot of 
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the obtained signals with the water standards vs. that obtained with the spiked 

urine samples led to a linear relationship with a slope=1 and intercept=0 at the 95% 

confidence level showing good accuracy (Fig. 5B) [73].These two statistical test 

shows that the urine matrix does not interfere with the kinetic determination in the 

established chemical conditions. 

 

Figure 4. The kinetic curves obtained with standards in water (a, b) and spiked 
urine samples (a*, b*) at two FA concentrations: 0.05 (a) and 0.125 μg·mL-1 (b),  
under the working conditions. 

 

Figure 5. (A) The calibration curves obtained with standards in water (filled 
symbols) and with spiked urine samples (opened symbols); (B) Plot of the obtained 
signals with the water standards vs. that obtained with the spiked urine samples. 
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To demonstrate the usefulness of the proposed method, a recovery study was 

carried out. The analysis of five urine samples from healthy people before being 

spiked showed that none of them contained free folic acid. This was expected since 

they reported not taking any folic acid supplement and not suffered not suffered 

any absorption problem or metabolic disorders. However, the non-spiked urine 

collected from the pregnant woman presented an analytical signal corresponding 

to 0.273 μg·mL-1 folic acid concentration. These all urine samples were spiked with 

0.150 μg·mL-1 and were then analyzed following the proposed procedure 

(described in experimental section). Each sample was analyzed in triplicate. The 

recovery results were presented in Table 2. Results are mean values ± SD of three 

replicated analyses.  

Table 2. Recoveries of FA from human urine of 5 healthy volunteers and a 
pregnant woman. 

Urine samples from healthy people 

 Non-spiked Spiked with 0.150 μg·mL-1 

Amount found        
(μg·mL-1) 

Amount found   
(μg·mL-1) 

Recovery (%) 

Sample 1 n.d.a 0.151  0.003 100.7 

86.7 

97.3 

85.3 

90.0 

Sample 2 n.d. 0.130  0.002 

Sample 3 n.d. 0.146  0.003 

Sample 4 n.d. 0.128  0.006 

Sample 5 n.d. 0.135  0.002 

Urine sample from pregnant woman 

 

Non-spiked Spiked with 0.150 μg·mL-1 

Amount found        
(μg·mL-1) 

Amount found   
(μg·mL-1) 

Recovery (%) 

 0.273  0.007 0.405  0.013 95.7 

 Results are mean values ± SD of three replicated analyses. 
 a 

no detected. 
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The presence of a relatively high amount of FA in the urine of pregnant woman 

before spiking was because she was taking a daily oral supplementation of 800 µg 

folic acid in tablet form. These findings confirm earlier studies [74,75] in which 

unmetabolized folic acid was found only after the dosage of folic acid and were not 

detectable after the control testing. 

Table 3 compares the analytical features of our methods with other methods 

reported in literature. Compared with reported potassium permanganate and 

hydrogen peroxide oxidizing or borohydride reducing fluorimetric methods, the 

high stability of the reaction’s product is one of the main advantages of the 

proposed method. Moreover, although its sensitivity and precision are comparable 

to those obtained with methods previously reported (Table 3), the sample 

treatment is much simpler. Only a clean-up procedure using centrifugal filters 

(Ultracel YM-30) is required to remove low-molecular-weight-proteins which can 

interfere in the reaction with the QDs or with the fluorimetric measurements. 
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Table 3. Summary of luminescent methods for determination of folic acid in several samples. 

Method 
DLa  

(μg·mL-1) 
  RSD (%) Ref. 

Urine    

Reaction with QDs + Fluorescence detection 0.002 3.4 This work 

Fluorescence Quenching 1,10-phenanthroline-terbium(III) 0.003 1.2 [55] 

Pharmaceutical preparation    

Photochemical reaction + Fluorescence detection 0.1 3.0 [48] 

Chemiluminiscence NaClO-folic acid-semicarbazide 0.027 2.3 [44] 

Chemiluminiscence Inhibition dichlorofluorescein/NBS reaction 2 1.0 [46] 

Chemiluminiscence Inhibition luminol/hexacyanoferrate(III) 
reaction 

0.0035 2.5 [47] 

Chemiluminiscence peroxomonosulfate-cobalt(II)-folic acid 0.00045 2.6 [43] 

Derivatization with fluorescamine + Fluorescence detection 0.012 2.8 [55] 

Oxidation with KMnO4 + Fluorescence detection 0.00074 1.8 [50] 

Oxidation with H2O2 + Fluorescence detection 0.005 1.7 [51] 

Food    

Reduction with NaBH4 + Fluorescence detection 0.44 <10 [53] 

Derivatization with fluorescamine + Fluorescence detection 0.016 2.7 [54] 

 a 
Detection Limit. 

 

CONCLUSION 

The results presented in this paper clearly show that the proposed kinetic-

spectrofluorimetric method based on use of CdSe/ZnS QDs for folic acid reduction 

can be an alternative means of rapid and reliable determinations of free folic acid 

in urine. It has been demonstrated that QDs are responsible not only for the 

reduction of folic acid into a strongly fluorescent compound but also for 

stabilization of the product by maintaining a reducing environment. 
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The method has been applied to the determination of free folic acid in urine 

samples. Because most of the unmetabolized folic acid is excreted mainly in the 

urine, the presence of high levels of folic acid in urine could be used as marker of 

malabsorption problems or overconsumption. Therefore, the proposed method 

could be a fast and simple way to detect several diseases, such as malabsorption 

problems, intestinal diseases, enzymatic defects, etc., or overconsumption of folic 

acid. 

In addition to being supplied as a supplement for pregnant women, FA is also 

given simultaneously with Methotrexate in rheumatoid arthritis treatments to 

prevent toxic side effects of this drug [76,77]. Nevertheless, since it appears that 

the unmetabolized folic acid can have negative side effects, it is important to 

monitor folic acid supplementation and adjust the dose suitable for each patient. 

Therefore, this method could also be a useful tool to adjust the appropriate dose of 

folic acid supplementation for each individual. 
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Introducción 

Muy recientemente se ha despertado un interés especial por la síntesis de 

materiales con multicomponentes en la nanoescala, denominados como 

nanomateriales o nanopartículas híbridas. La combinación de dos materiales con 

diferentes propiedades en la misma partícula, o bien la disposición de 

nanopartículas separadas por pequeñas distancias, abre nuevas posibilidades para 

el desarrollo de herramientas analíticas nuevas o mejoradas. 

Las nanopartículas híbridas pueden definirse como nanomateriales bien 

estructurados que están constituidos por dos o más tipos de nanocomponentes 

individuales. De este modo las propiedades excepcionales que presentan las 

diferentes nanopartículas individualmente pueden ser mejoradas o 

complementadas al combinarse formando híbridos. La unión puede dar lugar a       

i) la aparición de un efecto sinérgico que mejore o combine las propiedades de las 

nanopartículas individuales, o ii) la explotación individual de las propiedades de las 

nanopartículas que lo componen. 

En este contexto, la preparación de nanoestructuras híbridas en las que al 

menos una de las nanopartículas sea un QD es una línea de investigación muy 

novedosa a la par que prometedora. Por ello, en este Bloque de la Tesis se aborda 

la síntesis y estudio de distintos tipos de nanoestructuras híbridas conteniendo 

QDs. También se evalúa el potencial analítico que presentan estas nuevas 

nanoestructuras híbridas para el desarrollo de nuevos métodos de análisis para 

posibles aplicaciones en diferentes campos.  
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En el siguiente esquema se recogen los diferentes tipos de nanoestructuras 

híbridas o nanocomposites investigados, junto con sus respectivas nuevas o 

mejoradas propiedades analíticas y la aplicación analítica desarrollada con cada 

una de ellas. 
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VI.1. NANOPARTÍCULAS DE QDs ENSAMBLADOS 

Introducción QDs–QDs 

Las estructuras semiconductoras con QDs ensamblados están siendo 

actualmente muy investigadas debido a su amplia aplicación en optoelectrónica, 

uno de los principales campos para la exploración de nanoestructuras, debido a su 

potencial para una mejor obtención de dispositivos como láseres y fotodiodos, 

basados en efectos de confinamiento cuántico. 

Mientras que la síntesis de QDs de alta calidad es hoy día un aspecto ya 

conocido, el principal reto ahora es su organización en la nanoescala para generar 

nuevas nanoestructuras. Los métodos descritos para generar nanoestructuras 

organizadas de QDs, pueden agruparse en dos enfoques principales: (1) el 

ensamblado de QDs durante el propio proceso de síntesis, o (2) la unión de QDs 

después de su síntesis como nanopartículas individuales. 

La unión o ensamblaje de QDs en nanoestructuras organizadas tiene 

consecuencias tanto en las propiedades ópticas como eléctricas de los QDs dando 

lugar a las denominadas propiedades colectivas. Estas propiedades colectivas se 

atribuyen a las interacciones dipolo-dipolo y/o al acoplamiento electrónico de unos 

QDs con otros debido a su proximidad. Además, también se recoge en la literatura 

cambios drásticos en las propiedades de transporte de electrones con la 

organización de los QDs. 

Hasta la fecha, la formación de cadenas de QDs a través de enlaces covalentes 

no ha sido encontrada en la literatura. Sin embargo si existen varios trabajos en los 
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que se preparan QDs autoensamblados en estructuras lineales mediante 

interacciones no covalentes gracias a los dipolos eléctricos intrínsecos que 

presentan los QDs. Nosotros esperamos obtener un avance importante si los QDs 

se unen a través de enlaces covalente con ligandos bifuncionales, ya que esta 

estrategia permitiría un control más preciso de la distancia entre las partículas y 

una alta regularidad. 

Otro aspecto importante es el efecto que la forma de la nanoestructura 

(cadenas de QDs, anillos de QDs, etc.) tiene en las propiedades ópticas. 

Concretamente, el trabajo recogido en el siguiente Capítulo se ha centrado en la 

organización de QDs en estructuras lineales, dando lugar a cambios espectaculares, 

incluso visibles a simple vista, en su absorción y emisión fluorescente. Y lo que es 

más interesante aún desde un punto de vista práctico, es que condujo a un 

aumento en la respuesta fluorescente de los QDs hacia otras moléculas presentes 

en el medio, como por ejemplo aminas. 

El objetivo del trabajo recogido en el siguiente Capítulo es por tanto investigar 

los cambios en la respuesta analítica de los QDs cuando se adicionan ditioles para 

inducir la formación de nanoestructuras de QDs ensamblados. Esta estrategia es la 

que se ha empleado en el siguiente trabajo para el desarrollo de un método 

fluorimétrico más sensible para la determinación de aminas, gracias a la 

amplificación de la respuesta conseguida tras la unión de los QDs. 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CCaappííttuulloo  1122       

 
Determination of amines based on                             

their interaction with QDs:                                           

effect of the formation QD-assemblies. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

501 

 

                                 

 

 

 

                                           Submitted to Analytical Chimica Acta 

 

Determination of amines based on their interaction                         

with QDs: effect of the formation QD-assemblies  

C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel 

Department of Analytical Chemistry, Marie Curie Building, 

 Campus of Rabanales, University of Córdoba, E-14071 Córdoba, Spain. 

 

This paper studies for first time the changes on analytical response thanks to the 

formation of Quantum Dots-assemblies when dithiols are added to the medium 

once again the analyte has interacted with the Quantum Dots (QDs). For this 

study amines were selected as target analyte. Assemblies of closed nanoparticles 

have focused interest because they exhibit new exceptional properties. In this 

work we observed an improvement of 2.7 – 4 times in the sensitivity, expressed 

as slope of the calibration graph, when the dithiols were added to the system. As 

a second part of the work, it was studied the effect of use different dithiols, 

including aromatic and aliphatic dithiol compounds, on the formation of QDs-

assemblies in order to establish the influence of the linker’s structure on the 

geometry, and hence on the properties, of the assemblies. 
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INTRODUCTION 

Nanoparticles are the focus of much attention due to their astonishing 

properties and numerous possibilities for applications in nanotechnology. In recent 

years, the synthesis of diverse nanoparticles has been widely developed. However, 

the most important and challenging part is their organization at the nanoscale. 

Assembling nanoparticles generates new nanostructures, which have unforeseen 

collective, intrinsic physical properties that are evidently different from single 

nanoparticles. These changes in the physical-chemical properties are due to the 

close vicinity of nanocrystals at a given distance between each other. Such 

collective properties are attributed to dipole-dipole interactions and/or the 

electronic coupling of the nanocrystals in the NPs assembly [1,2]. Furthermore, the 

electron transport properties drastically change with the nanocrystals organization 

[3,4]. Nowadays, nanoparticle assemblies are of considerable interest for both 

fundamental research and applications, since they provide direct bridges between 

nanometer-scale objects and the macroscale world [5]. For realising versatile 

functions and novel applications, assembly of nanoparticles in ordered arrays, 

superlattices, regular patterns on surfaces and at interfaces offers new possibilities 

compared to isolated nanoparticles. Successful practical implementation of devices 

will most likely come sooner for NP assemblies rather than for those made from 

single nanocolloids, because of their simpler processing and interfacing with 

current technologies [5]. 

Ordered NP nanostructures can be classified into three categories according to 

their architecture: One-dimensional (1D), two-dimensional (2D) or three-

dimensional (3D) NP assemblies. There are different techniques, currently 
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employed and being developed, for assembling of metal and semiconductor 

nanoparticles in to the different types of ordered nanostructures [5, 6]. The most 

common of these techniques have been used only for synthesis and there are 

solvent evaporation [1,7], Langmuir-Blodgett technique [8, 9], layer-by-layer 

assembly [11], various lithographic processes [12], chemically assisted organization 

using multifunctional linkers [13-17]. Some physical methods like electric field [18] 

and magnetic field [19] have also been used to obtain specific NP structures. Self-

assembly is an efficient and attractive methodology, which relies on chemical 

modification of the NP surface and can result in the formation of a wide range of 

self-assemblies in the nanometer and micrometer regimes. For the self-assembly of 

NPs, the spatial array is essentially determined by the equilibrium of various 

interparticle attractions and repulsions [20,21]. Once interparticle van der Waals 

attraction is dominant, isotropic three-dimensional (3D) densely packed array is 

favoured [22]. Instead, anisotropic 1D array is facilitated as the dipolar attraction 

and/or electrostatic repulsion become dominant [23,24]. Moreover, although the 

2D arrays of NPs are also driven by van der Waals attraction, the further growth of 

3D structures from 2D arrays must be suppressed. Consequently, 2D arrays of NPs 

are usually achieved at an interface, such as liquid/liquid, solid/liquid, and air/liquid 

interfaces, to suppress the 3D growth of NPs in solution.  

While there are many examples in the preparation of 2D or 3D NP assemblies, 

1D assemblies of NPs are seldom reported due to the organization of NPs into a 

linear form is still difficult. Linear templates, such as polyelectrolytes [25], DNA 

[26], proteins [27], carbon nanotubes [28], core–shell cylindrical polymer brushes 

[29,30], dendrimers [31] or template-free self-assembly methods [20,21], have 

been also applied to prepare 1D assemblies of NPs. Another possibility of 
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chemically assisted nanoparticle organization is the exchange cross-linking 

precipitation route, based on the use of ditopic molecules (e.g., 2-

mercaptoethanol) [13] or multidentate linkers (e.g., ) [14]. 

To our knowledge, the formation of 1D QDs assemblies such as QD-chains 

through covalent approaches has no been reported until now. Up to date, only 

nanochains produced by spontaneous self-assembly of QDs with intrinsic electric 

dipoles have been reported. For instance, Tang et al. organized CdTe NPs into 

chains through partial removal of the surface ligands of NPs, which decreased the 

mutual repulsion between NPs [20,21]. However, QD spatial organization and 

particle separation in QD-assembly through electrostatic interactions are ill-defined 

and difficult to adjust. We expect to obtain a great advance if the QDs are 

connected by covalent linking using bifunctional chemical linkers, which allow 

precise control of the spacing between the particles and high regularity [11,32]. 

There are a few previous works which reported 1D assembling of metallic 

nanoparticles, such as Au [16,33,34] and Ag [35,36], using dithiols molecules as 

linkers. For example, Thomas et al. [33] demonstrated the longitudinal plasmon 

coupling in Au nanorods through covalent functionalization by using alkanedithiols. 

Regards to the separation and purification of nanoparticles assemblies, there is 

a lack in literature. Researchers are mainly devoted to the first steps of synthesis 

and in the development of specific procedures of synthesis. 

Our aim in this work is to investigate the changes on analytical response of 

QDs when dithiols are added to induce the formation of QDs assemblies. The 

preparation of QD-assemblies consisted on interconnecting them, through covalent 

bonding using dithiols as the linking agent. Dithiol molecules were selected as 
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assembly mediators because it is well-known that the thiol moiety has a strong 

binding energy to the surface of CdSe/ZnS QDs. First, we will study the fluorescence 

response of QDs towards some analytes after the formation of QD-assemblies 

induced by the presence of dithiol molecules. Finally, a study of the morphology 

and optical properties of the QDs nanostructures formed with the dithiol linkers 

depending on the experimental conditions of reaction is presented. The 

morphology of the as-prepared CdSe/ZnS QDs assemblies was systematically 

investigated by modifying the reaction conditions, such as the type of dithiol, the 

concentration of dithiol and the reaction time and by using TEM analysis. 

EXPERIMENTAL SECTION 

Materials 

All chemical reagents were of analytical grade and used as purchased with no 

additional purification. Cadmium oxide (99.99%), trioctylphosphine oxide (TOPO, 

99%), trioctylphosphine (TOP, 90%), selenium (powder, 100 mesh, 99.99%), 

diethylzinc solution (ZnEt2, 1M in hexane), bis(trimethylsilyl) sulphide ((TMS)2S), 

anhydrous methanol, anhydrous chloroform and ethanol were purchased from 

Sigma Aldrich (Madrid, Spain). Hexylphosphonic acid (HPA) was obtained from Alfa 

Aesar (Karlsruhe, Germany). 1,3-propanedithiol (PDT), 4,4´-bisphenyldithiol (BPDT), 

Tryptamine (Try) and Cadaverine (Cad) were also purchased from Sigma Aldrich 

(Madrid, Spain). 

Characterization  

Fluorescence emission spectra were measured on a PTI QuantaMasterTM 

Spectrofluorometer (Photon Technology International) equipped with a 75 W 
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xenon short arc lamp and the model 814 PTM detection system. FeliX32 software 

was used for fluorescence data collection and analysis and also controlled the 

whole instrument. The slits for excitation and emission widths were both 5 nm. All 

optical measurements were carried out in 10 mm quartz microcuvette at room 

temperature under ambient conditions.  

Transmission electron microscopy (TEM) and high-resolution transmission 

electron microscopy (HRTEM) images were collected on PHILIPS CM-10 and JEOL 

JEM 2010 instruments, respectively. HTEM samples were prepared by depositing a 

droplet of isolated QDs or QDs assemblies in ethanol solution onto a formvar-

coated copper grid. 

CdSe/ZnS QDs Synthesis 

Core-shell quantum dots (ZnS-capped CdSe) were synthesized using CdO as 

precursor via the procedure described by Peng’s group *37+, although some slight 

modifications were made here. Briefly, 0.03 g of CdO, 0.11 g of HPA and 3.5 g of 

TOPO were loaded into a 100 mL glass three-neck flask. The mixture was heated to 

300–310 ºC under nitrogen atmosphere for 15 min to allow the complete 

dissolution of CdO in HPA and TOPO. After cooling the temperature of the solution 

down to 270 ºC, 1.2 mL of selenium stock solution was swiftly injected. The 

selenium stock solution was prepared by dissolving 0.0255 g of selenium powder in 

1.5 mL of TOP, to produce a 0.215 M stock solution of trioctylphosphine selenide 

(TOPSe). Nanocrystals were left to grow for about 20 min at 250 ºC. Subsequently, 

1.5 mL of the Zn/S/TOP stock solution (1.75 mL ZnEt2, and 0.26 mL (TMS)2S in 10.25 

mL TOP) was added dropwise to the mixture under vigorous stirring. The mixture 

was then cooled to 90 ºC and stirred for several hours. After cooling the solution 
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down to room temperature, the QDs solution was transferred to a glass vial and 

diluted with 10 mL of chloroform anhydrous. Then, the synthesized QDs were 

purified by adding 10 mL of methanol to 10 mL of the QDs solution, QDs were 

precipitated, collected by ultracentrifugation (at 13.000 rpm) and washed with 

methanol several times. The purified QD nanocrystals were then dispersed in 10 mL 

of anhydrous chloroform and stored in the darkness. 

CdSe/ZnS core-shell quantum dots with an average diameter of 5 nm were 

used for all the studies. They were well characterized by fluorescence 

measurement and high-transmission electron spectroscopy (HTEM) images. 

Preparation of QDs assemblies 

In a typical experiment, 200 μL of QDs chloroform solution (2 mg·mL-1) were 

placed in different vials and the chloroform was evaporated with using a N2 stream; 

the evaporation process were carried out slowly in order to avoid an intense and 

strong aggregation of QDs. Then the dried QDs were dispersed in ethanol with 

helping of an ultrasonic bath (50W, 60Hz). Different dithiol concentrations and 

dithiol types were added to each of the vial. The three types of dithiol studied were 

4,4´-bisphenyldithiol (BPDT, an aromatic dithiol), 1,3-propanedithiol (PDT, an short-

aliphatic dithiol) and 1,7-heptanedithiol (HDT, an long-aliphatic dithiol). Moreover 

the concentration of dithiol used was assayed between 0-100 μM. The mixed 

solutions were then left to react 24 hours at room temperature in darkness with 

continuous shaking. The reaction time was also varied in order to establish its 

influence on the reaction extension (between 24 hours and 5 days). Then, the 

product was separated by centrifugation (at 13.000 rpm) and the excess of dithiol 

was removed by extensive washing with ethanol. Finally, the different products 
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obtained were redispersed in 10 mL of ethanol for their storage in darkness. The 

concentration of QDs was the same in all of assay sets and it was 0.04 mg·mL-1. 

Analytical Procedures 

(i) Single-QDs procedure. The analysis procedure was as follows: 20 µL of 

tryptamine or cadaverine working standards at different concentrations were 

added to 500 µL of QDs ethanolic solution (0.04 mg·mL-1) and the mixture was 

gently shaken and left to react 1 h at room temperature in the dark to avoid further 

photoactivation. Then, the solution was placed in a quartz microcuvette and the 

intensity of the maximum fluorescence emission at 587 nm was measured (under 

λex= 400 nm).  

(ii) QD-assemblies procedure. 20 µL of tryptamine or cadaverine working standards 

at different concentrations were added to 500 µL of QDs ethanolic solution (0.04 

mg·mL-1) and the mixture was gently shaken for 1 min. Afterwards, 20 µL of dithiol 

solution (500 μM) was added and the mixture was then left to react 1 hour to 

induce QD-nanochains formation. This reaction was carried out at room 

temperature and in the dark to avoid further photoactivation. Finally, the solution 

was placed in a quartz microcuvette and the intensity of the maximum 

fluorescence emission at 576 nm was measured (under λex= 400 nm).  
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RESULTS AND DISCUSSION 

Effect of dithiol addition to fluorescence quenching response of QDs 

As model system to start with our study of the influence of the QD-assemblies 

formation, we selected the quenching effect observed on the original fluorescence 

of TOPO-capped CdSe/ZnS QDs in ethanol when different biogenic amines interact 

in this system. Biogenic amines, tryptamine and cadaverine were selected as model 

analytes. For both analytes, the quenching followed a conventional “Stern-Volmer” 

relationship. Ethanol solvent was selected as a medium in this work because it 

allows the direct reaction with dithiol later. Besides, the obtained QD-assemblies 

were well-dispersed and stable in this medium. To carry out these preliminary 

experiments, we selected as a linker 4,4´-biphenyldithiol (BPDT, an aromatic dithiol 

compound). This linker provides an aromatic system between two contiguous QDs 

and thus can favour their coupling and their interaction with aromatic analytes. 

The reaction between the QDs and the selected analytes was studied in 

absence and presence of dithiol reagent. First, the fluorescence response of the QD 

upon addition of increasing amounts of amine (between 20-120 µM) was recorded. 

Afterwards, the addition of a constant amount of dithiol (20 µM) was carried out to 

induce the formation of QD-assembly. The order of addition of the dithiol reagent 

and the analyte was studied, obtaining a maximum response when the analyte was 

added first and then the dithiol. This preliminary study was carried out by 

measuring the fluorescence signal after 1 hour of dithiol addition. The analytical 

signal was the relative fluorescence response value (Io/I-1) which provides the 

quenching efficiency of the system. Io is the native fluorescence intensity of the 
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single QD or QD-assemblies in the absence of analyte and I the fluorescence 

intensity in the presence of the quencher analyte. 

In Figure 1 is presented a comparative fluorescence quenching results 

according to Stern Volmer equation of single QDs and QD-assemblies by different 

concentrations of tryptamine.  

 

Figure 1. Comparison of relative fluorescence response value Io/I-1 of single QDs 
and QD-nanochains by tryptamine (A) and cadaverine (B). 

Interestingly, a higher quenching response was found after the formation of 

the QD assembly formation by means of the dithiol addition, as it is shown by the 

higher slope of the calibration curve. As can be seen, the response was similar for 

tryptamine and cadaverine in spite of its different chemical structure. It is 
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important to remark that the experiments were carried out under the same 

conditions and the only difference was the dithiol addition. Thus it is demonstrated 

that the simple addition of dithiol as reagent can increase the sensitivity in the 

determination of amines.  

To study the effect of QD-assemblies formation in the QD's response, we 

developed two analytical methodologies keeping constant the total amount of 

QDs. Both procedures are described in detail in experimental section and named as 

(i) Single-QDs and (ii) QD-assemblies procedure. A comparison of the analytical 

figures of the method based on QD-assemblies formation and those obtained with 

single-QDs are shown in Table 1. The limit of detection was calculated as 

LOD=3sy/x/b, being sy/x the y-intercept residual standard deviation and b the slope 

of the calibration curve. The precision of the method expressed as relative standard 

deviation (RSD) was determined in terms of repeatability (n=3) at concentration 

level of 60 µM. Using the QD-assemblies method the sensitivity (expressed as the 

slope of the calibration graph) was 2.7 and 4 times higher than those obtained with 

the single QDs method for tryptamine and cadaverine, respectively. Thanks to the 

increased sensitivity achieved by using QD-assemblies, the detection limits were 

lower. Little changes were observed in the values of precision (RSD). The 

remarkably higher quenching efficiency of QD-assemblies method can be readily 

attributed to a synergic effect that arises from the organization of single QDs 

nanocrystals into assemblies ordered 1D nanostructures induced by the dithiol 

presence. 

These results demonstrated that the control of the assembling of QDs can be 

exploited for analytical purposes to improve the QD-based fluorescence methods. 
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Table 1. Comparison of the analytical figures of the method based on QD-
nanochains formation and the method using single QDs. 

 Analytical figures 

 Single QDs method QD-nanochains method 

 Tryptamine Cadaverine Tryptamine Cadaverine 

Linear range (µM) 20-120  20-120  20-120  20-120  

Calibration equation  y=0.007x+0.04 y=0.004x+0.001 y=0.019x+0.06 y=0.016x–0.001 

Sensitivity (µM-1) 0.007 0.004 0.019 0.016 

LOD (µM) 5.5 7.5 2.0 1.9 

RSD (%) 1.53 1.55 3.38 3.51 

 

Study of the formation and characterization of QDs assemblies 

In order to evaluate the influence of the type of dithiol used as linker on QDs 

coupling, we selected three different dithiols: 4,4´-biphenyldithiol (BPDT), 1,3-

propanedithiol (PDT) and 1,7-heptanedithiol (HDT). The BPDT was chosen to 

provide an aromatic system between the QDs and evaluate the effect of the 

aromatic system on the effectiveness of coupling as well as in the interaction with 

analytes. In addition thiol groups are located in extreme of molecular structure 

which provide the adequate position to act as a bridge between nanoparticles. 

The other dithiols, PDT and HDT, were aliphatic and they were selected to 

evaluate the effect of the distance between QDs in the effectiveness of coupling. 

In a first stage, a set of experiments were carried out in parallel employing the 

three different studied dithiol molecules at a concentration of 20 μM. Initially, 

single CdSe/ZnS QDs presented intense and narrow PL emission spectra with a 
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maximum at 587 nm. After the dithiol addition, the mixtures were left to react 24 h 

and the product was purified as described in experimental section. The PL emission 

spectra of each product was recorded, showing an important blue-shift of PL 

maximum in the case of BPDT and PDT while little change was observed when using 

HDT. Under these experimental conditions (20 μM of dithiol and 24 h of reaction) 

the maximum PL peaks were: 570 nm (for BPDT), 573 nm (for PDT) and 585 nm (for 

HDT). The little band shift obtained with the HDT dithiol, only 3-nm from the 

original PL peak of single QDs, indicated that the length of dithiol linker was the key 

parameter to achieve an effective coupling between adjacent QDs. On the contrary 

the nature of the dithiol (aromatic or aliphatic) only affected slightly to the PL 

emission of the QD-assemblies. Therefore, it can be concluded that the optical 

properties of the QD-assemblies are highly dependent on the spacer chain length, 

i.e. the distance between the QDs nanocrystals in the final assembly.  

Afterwards, the concentration of dithiol used to form the QD-assemblies was 

studied in the range 5-100 μM. These experiments were carried out with BPDT and 

PDT dithiols during 24 hours. The dependence of PL intensity with the dithiol 

concentration is presented in Figure 2. As can be seen, upon addition of high 

concentrations of dithiol (50 and 100 μM) the fluorescent intensity of the product 

decreased which could be attributed to the formation of larger assemblies of QDs; 

this was further confirmed through HTEM studies (Fig. 3b). Similar results were 

obtained when PDT was used as linker instead of BPDT, but a lower BPDT 

concentration was necessary to observe the formation of large QD-chains. From 

the commented results, a concentration of 20 μM of BPDT was selected for the 

following experiments. 
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Figure 2. Dependence of PL intensity with the concentration of 4,4´-biphenyldithiol 
(a) or 1,3-propanedithiol (b). 

In order to study the morphology of the QD-assemblies induced by the 

addition of the dithiol linker, HTEM studies were carried out by drop-casting 

aliquots of experiments with different concentrations of BPDT. In the presence of 

low concentrations of dithiol (5 μM) QDs were found to be predominantly as 

dimers, trimers and small oligomers. When the dithiol concentration increased to 

20 μM large nanochains were observed. Finally, higher dithiol concentrations (50-

100 μM) led to formation of large aggregations of QDs accompanied by a decrease 

of the fluorescence as a result of aggregation. Representative HTEM images of the 

products obtained under different concentrations of BPDT are shown in Figure 3. 
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Figure 3. HTEM images of the products obtained under the addition of different 
BPDT concentrations: a) 0, b) 5 μM, c) 20 μM, d) 100 μM. In all these cases the 
reaction time was 24 hours. 

In a second stage, the reaction time was studied following the changes on the 

PL emission spectra. While the reaction time increases the maximum of PL band 

shifts to smaller wavelength until to reach a stable position after 4 days of reaction. 

During this period the maximum PL peak was shifted from 587 nm (0), 576 nm (1 

hour), 570 nm (1 day), 567 nm (2 days), 565 nm (3 days), to 564 nm (4 days). Time-

dependent changes of the PL emission spectra are shown in Figure 4a. 
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Furthermore, for one more day of reaction there was no spectral shift but a 

decrease in intensity was observed due to the formation of larger and unstable 

aggregates. From the comparison of PL emission spectra of single QDs and QD-

chains assemblies (Fig 4b), it was observed that in case of QD-chains the emission 

band was broader (higher FWHM), indicating the presence of chains of various 

lengths. The changes on fluorescence could be noticed with the naked eye as 

shown Fig. 4c and 4d.  

 

Figure 4. (a) Changes on the PL emission spectra with the reaction time (with 20 
μM of BPDT); (b) Comparison of PL emission spectra of single QDs and QD-
nanochains obtained with 20 μM of BPDT and 4 days of reaction; (c) Visual change 
of color and (d) visual change of fluorescent under UV lamp for single QDs (left) and 
QD-nanochains (right). 
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Based on these results, the proposed QD-chains formation process is 

presented schematically in Figure 5. The QD-chains formation proceeds through a 

first step of dimerization, followed by the oligomerization and subsequent increase 

in the length and thickness of the QD-chains. With time, the extent of chain 

assembly and network formation become enhanced and branching and 

interconnectivity between chains were observed. This process was accompanied by 

the increase in intensity and the blue-shift of the luminescence, which reached its 

maximum of 564 nm in 4 days. Corresponding TEM images are in agreement with 

this mechanism. Short chains were observed after short reaction times (from 

minutes to few hours) and long chains were only presented after 1 day of reaction. 

Longer reaction times (3 days) were necessary to observe large and thick chains. 

After 5 days of reaction, thick chains and interconnectivity between them were 

obtained. It is noteworthy that at the end of reaction (5 days), any necklaces and 

complex network were also found in various locations of the grid as shown TEM 

images.  

 

Figure 5. Schematic representation of the QD-nanochains formation process with a 
concentration of BPDT of 20 μM. 
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CONCLUSION 

In conclusion, we have demonstrated that the photoluminescence properties 

of QDs can be modulated through their assembly, assisted by the covalent linking 

through bifunctional dithiol molecules. The optical properties changed as a 

function of the total length of the structure.  

We believe that the preparation and research of QD assemblies open new 

avenues to the development of QD-based detection methods with improved 

features thanks to their collective response. Therefore, strategies such as the one 

presented here for connecting QDs into desired shapes and thereby tuning their 

optoelectronic properties may have wide-range application in nanotechnology.  
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VI.2. NANOPARTÍCULAS HÍBRIDAS DE QDs CON NANOTUBOS DE CARBONO 

Introducción QDs–CNTs 

La combinación de quantum dots y nanotubos de carbono (QDs-CNTs) supone 

una simbiosis perfecta para producir nanomateriales híbridos que presenten la 

eficiente absorción de luz de las nanopartículas y la conducción eléctrica de los 

nanotubos. El principal inconveniente a la hora de combinar dichos materiales es el 

control sobre el tipo de interacción de los mismos. Existen dos estrategias 

generales para la preparación de estos materiales híbridos: (1) aquella basada en el 

crecimiento de QDs sobre los defectos en las paredes y/o extremos del nanotubo, o 

(2) procedimientos para la deposición o unión de QDs a la pared del nanotubo a 

través de la funcionalización con diversos tipos de ligandos. En general, la 

funcionalización covalente del nanotubo repercute negativamente en sus 

propiedades eléctricas, por lo que resulta más interesante la funcionalización a 

través de interacciones supramoleculares o de naturaleza electrostática. 

En la literatura se encuentran diferentes tipos de nanocomposites QDs-CNTs, 

como por ejemplo uniones de QDs a CNTs previamente ozonizados, nanocables de 

CNTs recubiertos con QDs de CdS, y heterouniones de QDs funcionalizados con 

grupos amino con CNTs previamente oxidados con ácido. 

Estos nanocomposites QDs-CNTs están siendo intensamente estudiados 

debido a que presentan un futuro prometedor en dos áreas principales: base para 

futuros dispositivos nanoelectrónicos y para el desarrollo de células solares 

fotovoltaicas. 
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Es importante mencionar la investigación llevada a cabo en esta área por el 

Instituto Madrileño de Estudios Avanzados en Nanociencia (IMdea Nanociencia), en 

colaboración con la Universidad de Hamburgo. Los científicos de ambos lugares 

están trabajando en el desarrollo de nanomateriales híbridos de QDs y CNTs para la 

fabricación de paneles solares fotovoltaicos de alta eficiencia, explotando la alta 

eficiencia en absorción solar de los QDs y la alta eficiencia en conducción eléctrica 

de los CNTs. 

En el trabajo recogido en el siguiente Capítulo se describe la combinación de 

nanotubos de carbono (con sus propiedades sorbentes) y los quantum dots (con 

sus propiedades ópticas) para la determinación fluorescente de hidrocarburos 

policíclicos aromáticos. En particular, se demuestra que las nanopartículas híbridas 

SWCNTs-CdSe se sintetizan en el laboratorio por crecimiento “in situ” de QDs en la 

superficie de SWCNTs. En este nuevo nanocomposite se combinan las propiedades 

de las dos nanopartículas que lo constituyen: por un lado se explota la capacidad 

de adsorción de los CNTs hacia los compuestos aromáticos, y por el otro la 

posibilidad del QD de absorber gran cantidad de energía y transferirla a otra 

molécula actuando el QD como dador en procesos de transferencia de energía. El 

efecto esperado es que los SWCNTs faciliten la transferencia de energía al permitir 

el acercamiento entre el dador (QDs) y el aceptor (analito), resultando en un 

incremento de la eficiencia del fenómeno FRET. Esta estrategia ha permitido 

desarrollar un nanosensor para PAHs en muestra ambientales que es muy sensible 

y selectivo.  
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Amplification of fluorescence is a nanoscale phenomenon which is particularly 

pronounced in close proximity to metal nanostructures. We have demonstrated 

for first time that fluorescence amplification can also be produced by single-

walled carbon nanotube–quantum dot nanocomposites (SWCNT–QDs). 

Concretely we exploit the adsorption capabilities of SWCNTs to facilitate the 

interaction of analytes with the nanoparticle. The fluorescence amplification 

mechanism is discussed in the paper. The analytical potential of these 

nanocomposites has been demonstrated for the detection of trace levels of 

polycyclic aromatic compounds (PAHs) in river water samples. Compared with 

QDs nanoparticles, the fluorescence enhancement achieved with the SWCNT–

QDs nanocomposites was 3.6–5.5 times higher. 
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INTRODUCTION 

Combining quantum dots (QDs) with carbon nanotubes (CNTs) is expected to 

produce composite materials exhibiting selective wavelength absorption thanks to 

the presence of QDs, and charge transfer and efficient electron transport thanks to 

the presence of nanotubes. These properties are essential for future developments 

of optoelectronic sensors and photovoltaic devices. 

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

QD junctions using CdSe in ozonized CNTs,1 CNT/CdS core shell nanowires 

produced by chemical reduction and heterojunctions of amine-terminal ZnS-coated 

CdSe/ZnS on acid-oxidized CNTs.2–5 The procedures used to obtain some of these 

nanocomposites are rather complex and difficult to control; also, they involve 

coupling CNTs to QDs through covalent attachments, which frequently alters the 

structural and electronic properties of the former by disrupting sp2 hybridized 

bonding and 2p–2p π conjugation.6 

Non-covalent attachment strategies using π-orbital interactions between QDs 

and CNTs alleviate this shortcoming by minimizing structural disruption at QD–CNT 

junctions. Some non-covalent attachment strategies involve binding nanoparticles 

electrostatically, such is the case with the attachment of the intermediate 1-

pyrenebutyric acid N-hydroxy succinimide ester though interactions 6–8 or the self-

assembly of nanoparticles by using the grooves in bundles of carbon nanotubes.9,10 

One of the main drawbacks of covalently attaching a fluorescent molecule to a 

CNT is the rapid decay of the lifetime and low quantum yield of the fluorescent 

label. However, the CdSe(SWCNT) nanocomposites developed in this work, not only 
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exhibit a comparatively high quantum yield and long lifetime, but also can be 

efficiently dispersed in aqueous media. This can help expand their scope of 

application. In this paper, we use a highly successful and easy one-pot synthetic 

strategy previously proposed by Weller et al. for the synthesis of SWCNT(CdSe) 

nanocomposites.11,12 The formation of these structures is based on the in situ 

growth of quantum dot onto non-funcionalized and non-pretreated carbon 

nanotubes surface. The aim of this work is to characterise the optical properties of 

these nanoparticles and demonstrate their capability to amplify the fluorescent 

response of PAHs. This amplification effect has been exploited for the development 

of a sensitive and reliable analytical method to determinate PAHs in water samples. 

EXPERIMENTAL 

Materials  

All chemical reagents were of analytical grade and used as purchased with no 

additional purification. Cadmium oxide (99.99%), trioctylphosphine oxide (TOPO, 

99%), trioctylphosphine (TOP, 90%), selenium (powder, 100 mesh, 99.99%), 

diethylzinc solution (ZnEt2, ∼1M in hexane), bis(trimethylsilyl) sulphide ((TMS)2S), 

sodium docedyl sulphate (SDS), sodium dihydrogenophosphate, anhydrous 

methanol and anhydrous chloroform were purchased from Sigma–Aldrich (Madrid, 

Spain). Acetonitrile (HPLC-grade) was obtained from Panreac (Barcelona, Spain). 

Hexylphosphonic acid (HPA) was obtained from Alfa Aesar (Karlsruhe, Germany). 

Single-wall carbon nanotubes (SWCNTs), purity of 95%, were obtained from Sigma–

Aldrich too. The diameters and lengths are in the range of 20–50 nm and 5–20 µm, 

respectively. All polycyclic aromatic hydrocarbons (PAHs) were purchased from 

Sigma–Aldrich. Stock standard solutions of each analyte were prepared in 
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acetonitrile at a concentration of 0.1 mM and stored in glass bottles in the dark at     

4 ºC. Working solutions were prepared by rigorous dilution of the stocks in the 

appropriate solvent. 

Most of the reagents used during the synthesis of the different QDs are toxic. 

Protective clothing and gloves should be worn. Also eye/face protection should be 

used. No other special safety precautions are necessary if the reagents are used 

correctly. Particularly, cadmium oxide and TOPO are very toxic reagents. Care 

should be taken to avoid release of these reagents to the environment. These 

materials and the containers must be disposed as hazardous waste. 

Equipment 

Absorption and fluorescence emission spectra were measured on a PTI 

QuantaMasterTM Spectrofluorometer (Photon Technology International) equipped 

with a 75W xenon short arc lamp and the model 814 PTM detection system. 

FeliX32 software was used for fluorescence data collection and analysis and also 

controlled the whole instrument. The slits for excitation and emission widths were 

both 5 nm. All optical measurements were carried out in 1 cm quartz cuvettes at 

room temperature under ambient conditions. 

Synthesis of SWCNT(CdSe) 

CdSe QDs The SWCNT(CdSe) heterostructures were synthesized according to 

the procedure of Weller et al.11 with slight modifications. Briefly, 0.03 g of CdO, 

0.11 g of HPA and 3.5 g of TOPO were placed into a 100-mL three-neck glass flask 

and the mixture heated at 300–310 ºC under a nitrogen atmosphere for 15 min to 

allow complete dissolution of CdO in HPA and TOPO. After the solution was cooled 

down to 70 ºC, an amount of 0.6 mg of SWCNT was added to the complexed Cd 
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and the mixture stirred vigorously for about 30 min prior to injecting Se. Then, the 

temperature was set at 250 ºC and 1.2 mL of selenium stock solution rapidly 

injected. The selenium stock solution was prepared by dissolving 0.0255 g of 

selenium powder in 1.5 mL of TOP; this provided a 0.215 M solution of 

trioctylphosphine selenide (TOPSe). Nanocrystals were allowed to grow at 250 ºC 

for a long time (15 h). After the solution was cooled down to room temperature, 

SWCNT(CdSe) was transferred to a glass vial and diluted with 10mL of anhydrous 

chloroform. Then, the SWCNT(CdSe) composite was purified by adding methanol to 

the SWCNT(CdSe) solution; this caused SWCNT(CdSe) to precipitate. Next, the 

composite was collected by ultracentrifugation at 13.000 rpm and washed with 

methanol several times. Each washing operation involved mixing, centrifuging and 

discarding the supernatant. Finally, the purified SWCNT(CdSe) material obtained 

was dispersed at 1 mg·mL−1 in anhydrous chloroform and stored in the dark. 

Characteristic TEM images are showed in Fig. 1. 

 

 

Fig. 1. Characteristic images of SWCNT(CdSe) obtained by high resolution electron 
microscopy. 
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Preparation of water-solubilized SWCNT(CdSe) 

CdSe QDs The purified SWCNT(CdSe) nanoparticles were dissolved in water by 

following a new procedure devised by the authors. To this end, an aqueous 

solution in MilliQ water containing 1% SDS and 200 mM phosphate was prepared 

and adjusted to neutral pH. A volume of 25 mL of this solution was mixed with 2.5 

mL of 1 mg·mL−1 SWCNT(CdSe) in chloroform in a 200-mL glass flask. The mixture 

was sonicated in an ultrasound bath (50 W, 60 Hz) until the chloroform was 

evaporated and a good dispersion obtained, which took about 40 min. Finally, a 

volume of 0.125 mL of ACN was added in order to accelerate subsequent reactions. 

The yield of the dispersion process was 100%; also, no sample post-treatment was 

required. This led us to choose it in preference over others which provide lower 

dispersion and require separating the non-dispersed and dispersed fractions. 

The final solution contained 0.1 mg·mL−1 SWCNT(CdSe), 1% SDS, 200 mM 

phosphate and 0.005% ACN. This water-solubilized SWCNT(CdSe) material was 

stored at room temperature in the dark prior to use. 

Determination of PAHs 

A volume of 1mL of SWCNT(CdSe) aqueous solution was placed in a quartz cell 

(1 cm) under continuous shaking and 1mL of MilliQ water fortified with variable 

amounts of each analyte added. After 5 min, the sample was excited at an 

appropriate wavelength dependent on the particular analyte and the maximum 

fluorescence detected. In order to ensure reaction completeness (i.e. that the FRET 

process had occurred to the greatest possible extent), a lapse of 5 min was used 

between addition of each analyte to the medium containing the nanoparticles and 

detection of its fluorescence. 
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RESULTS AND DISCUSSION 

Spectral features of the SWCNT(CdSe) composite 

The first objective of this work was the optical characterization of the 

SWCNT(CdSe) nanoparticles obtained. It is important to remark that SWCNTs do 

not present fluorescence in the 400–900 nm region. Fig. 2A and B shows the 

excitation and emission fluorescence at variable excitation wavelengths of bulk 

CdSe and SWCNT(CdSe) in chloroform, respectively. As can be seen, the two differ 

markedly in various respects. Thus, the bulk CdSe exhibited a single emission peak 

at 570 nm upon excitation at 400 nm. On the other hand, SWCNT(CdSe) exhibited 

additional emission peaks dependent on the particular excitation wavelength used. 

Thus, the SWCNT(CdSe) nanoparticles exhibited three emission peaks at 408, 431 

and 608nm upon excitation at 370 nm; only the latter two with 400 nm light; two 

well-resolved peaks at 608 and 800 nm with 470 nm light; and a peak at 708 nm 

and a small shoulder at 744 nm upon excitation at 690 nm. The peak centered at 

ca. 608 nm was due to the quantum dots; however, it was markedly red-shifted 

(from 570 to 608 nm) with respect to the bulk CdSe, which is suggestive of a strong 

interaction between QDs and CNTs, and also of an increase in nanoparticle size. 

This red-shift of the exciton PL can be ascribed to a reduced quantum confinement 

or to Forster’s resonance energy transfer between two nearby QDs. One other 

salient feature of the peak at 608 nm was its narrowness (FWHM∼40 nm), which 

was a reflection of the sharp size distributions obtained. In any case, the emission 

intensity of 608 nm peak for the SWCNT(CdSe) composite was lower than that of 

the 570 nm peak for CdSe; this is consistent with previous findings of substantially 

quenched photoluminescence in QDs directly assembled onto CNTs. All other peaks 

(408, 431, 708 and 800 nm) were attributed to the SWCNT(CdSe) composite. 
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Therefore, the optical properties of the nanocomposite are clearly different from 

the optical properties of the free QD. 

 

Fig. 2. Characteristic emission (A, under different excitation wavelength) and 
excitation (B, under different emission wavelength) fluorescence spectra of 
SWCNT(CdSe) hybrid nanoparticles in chloroform. 

  

The HTEM images of the obtained SWCNT(CdSe) (see Fig. 1) revealed that CdSe 

QDs tend to grow further when they are growth on the walls of SWCNT. So the real 

size of each QD on the SWCNT is bigger than the case when the QDs are 
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synthesized in the absence of SWCNT. When CdSe are synthesized alone they are a 

diameter of 5±0.5 nm. However, in the hybrid nanomaterial the size of QDs is 

approximately 8 nm. This increase on particle size could be one reason for the red-

shifted of the maximum PL peak. 

Dissolving the SWCNT(CdSe) nanoparticles in water by following the procedure 

described in Section 2.4 caused only slight changes in their fluorescence emission 

spectra (see Fig. 3).  

 

Fig. 3. Emission (A, under different excitation wavelength) and excitation (B, 
under different emission wavelength) fluorescence spectra of SWCNT(CdSe) 
hybrid nanoparticles solubilized in water. 
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Thus, the typical emission peaks obtained were identical, albeit slightly shifted; 

this suggests that the SWCNT(CdSe) particles were bulkier when surrounded by 

surfactant molecules. As expected, the intensity of all peaks except that at 708nm 

was reduced—QD fluorescence is known to be lower in aqueous media than in 

organic solvents. By contrast, the peak at 708 nm, which is typical of CNTs, 

increased markedly by effect of dispersion of the SWCNT(CdSe) particles in the 

aqueous medium. 

Interaction of CdSe or SWCNT(CdSe) with PAHs 

Interactions of the nanoparticles with the analytes were investigated from 

fluorescence spectra for aqueous solutions of the different PAHs in (a) the absence 

of nanoparticles, (b) the presence of CdSe at 0.05 mg·mL−1 and (c) the presence of 

SWCNT(CdSe). As can be seen from Fig. 4, some analytes including pyrene, 

benzo(a)pyrene, benzo(a)anthracene and perylene exhibited a dramatic increase in 

intrinsic fluorescence in the presence of the metallic nanoparticles; all others, 

however, exhibited no significant differences in this respect. 

The spectral features for the previous four analytes, and the emission 

properties of the CdSe and SWCNT(CdSe) nanoparticles (see Figs. 2 and 3). In these 

tests, free CdSe or CdSe grown onto CNTs was used as energy donor and the 

analytes as acceptors. As a result, the concomitant increase in intrinsic 

fluorescence of the analytes and decrease in the typical fluorescence of CdSe—

which was only observed when using photoactivated nanoparticles—can be 

ascribed to an FRET process. Such a process originates from energy transfer from 

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

generation by the former. 
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We should note that, whenever this response amplification effect was 

detected, it was invariably greater with SWCNT(CdSe) than with CdSe. Because the 

distance between the donor and acceptor depends very strongly on the FRET rate 

(k∝R6), only those acceptor analyte molecules in close proximity to the donor QDs 

will take part in the FRET process. For this reason, the main constraint on the 

development of effective strategies based on the use of QD as FRET donors is that, 

if the QD site–acceptor distance is greater than the Förster radius, R0, then the 

FRET efficiency will be very low. 

Accordingly, the more marked increase in acceptor fluorescence observed with 

SWCNT(CdSe) can be probably ascribed to adsorption of the analyte (acceptor) 

onto the CNT surface bringing the acceptor and donor (CdSe) closer, and raising the 

FRET efficiency as a result. The broader absorption spectrum for SWCNT(CdSe) and 

high excitation cross-sections is the most probably reason to result in extensive 

spectral overlap and a high FRET efficiency. 

 

Fig. 4. Fluorescence spectra of pyrene, benzo(a)pyrene, benzo(a)anthracene 
and perylene in presence and absence of QDs and the hybrid nanoparticles.  
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Effect of photoactivation on PAH-SWCNT(CdSe) and PAH-CdSe interactions 

As shown by our tests, and previously found in CdSe, exposing the 

SWCNT(CdSe) solutions to sunlight slightly increased the final fluorescence 

emission at 608 nm upon excitation at 400 nm (Fig. 2). The other emission peaks 

exhibited no change with illumination. This led us to investigate whether the 

observed fluorescence enhancement in a PAH (e.g. perylene) resulting from its 

interaction with CdSe or SWCNT(CdSe) was influenced by the photoactivation state 

of the quantum dots. For this purpose, we applied the above described procedure 

to photoactivated and unactivated CdSe and SWCNT(CdSe). The photoactivated 

materials, designated CdSe* and SWCNT(CdSe)* in Fig. 5, were obtained by 

sunlight exposure for 1 day.  

One difference found in using photoactivated (*) nanoparticles was in their 

interaction with the PAHs, which was slightly faster for photoactivated 

SWCNT(CdSe); the final fluorescence intensity was the same irrespective of 

whether the nanoparticles were photoactivated. This indicates that the mechanism 

leading to the fluorescence enhancement observed is independent of the 

photoactivation state of the QDs. Although the exact mechanism behind the 

photoactivation process is unclear, it may involve rebuilding of surface atoms in the 

nanoparticles. Based on experimental evidence, removal of defects during 

photoactivation has no effect on the energy transfer efficiency. This is consistent 

with previous results of other authors, who reported the presence of FRET 

phenomena involving non-photoactivated QDs. Identical conclusions were drawn 

as regards the interaction between bulk CdSe and the PAHs (see Fig. 5). 
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Fig. 5. Effect of photoactivation on CdSe and SWCNT(CdSe) nanoparticles. 

 

Another difference was that using photoactivated nanoparticles increased the 

fluorescence of the analyte at the expense of those of CdSe and SWCNT(CdSe) at 

565 and 608 nm. With non photoactivated SWCNT(CdSe), the peak at 608nm was 

concealed, so the only way to examine the interaction with PAHs was through the 

increase in its intrinsic emission. Fig. 6 shows the emission spectra obtained after 

equilibrium was reached in the four cases. 

These tests further confirmed that the fluorescence enhancement was more 

marked with SWCNT(CdSe) heterostructural nanoparticles than with normal CdSe 

quantum dots. 
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Fig. 6. Effect of CdSe and SWCNT(CdSe) nanoparticles on the fluorescence 
spectra of perylene.  

Determination of PAHs in water samples 

Based on the above-described advantages, we chose to use SWCNT(CdSe) 

nanoparticles instead of CdSe quantum dots in order to improve sensitivity and 

lower detection limits as a result. 

Initially, we had the choice of using (a) the decrease in the characteristic 

fluorescence of the nanoparticles or (b) the increase in the intrinsic fluorescence of 

the analyte as analytical signal. The first choice was only viable with photoactivated 

nanoparticles and might result in poor selectivity—the fluorescence of quantum 

dots is known to be quenched by a large number of compounds. The latter was 
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therefore the better inasmuch as it required no photoactivation of the 

nanoparticles, and was more sensitive and highly selective by virtue of the 

selectivity being provided by the characteristic fluorescence of the analyte. 

The following sections describe the procedure followed to develop and 

optimize the proposed method. 

Influence of variables on fluorescence enhancement 

– Effect of the concentration of SWCNT(CdSe) nanocomposites. We used 

benzo(a)anthracene as a model analyte to study the effect of the SWCNT(CdSe) 

concentration on the PAH fluorescence enhancement; this involved using an 

excitation wavelength of 286 nm and a maximum emission wavelength of 388 nm. 

Fig. 6 illustrates the influence of the SWCNT(CdSe) concentration on the 

fluorescence emission intensity for benzo(a)anthracene at a constant 

concentration. Raising the SWCNT(CdSe) concentration resulted in increased FRET 

and hence in also increased fluorescence emission. Above an SWCNT(CdSe) 

concentration of 0.05 mg·mL−1, however, the analyte fluorescence decreased—

probably through aggregation of the nanoparticles. This led us to adopt an 

SWCNT(CdSe) concentration of 0.05 mg·mL−1 for use in subsequent tests. The 

results obtained with CdSe were similar, the sole difference being that the CdSe 

concentration above which nanoparticle aggregation occurred was 0.08 mg·mL−1. 

– Effect of the pH of the SWCNT(CdSe) aqueous solution. Quantum dots are 

known to be pH-sensitive; therefore, pH must affect SWCNT(CdSe) nanoparticles 

and also, probably, the energy transfer between nanoparticles and analytes. We 

used benzo(a)anthracene again as model analyte in order to examine the effect of 

pH on the analyte fluorescence enhancement. To this end, we used solutions of pH 
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5–10 that was adjusted with dilute NaOH or HCl. Based on the results, the 

SWCNT(CdSe)–analyte FRET efficiency was identical irrespective of the particular 

pH (see Fig. 7). We thus chose to use neutral pH in subsequent tests. Using CdSe 

instead of SWCNT(CdSe), however, resulted in a more marked pH dependence of 

the nanoparticle–analyte FRET efficiency. 

– Effect of the presence of salts the in SWCNT(CdSe) aqueous solution. We 

also examined the potential effect of the presence of salts (0.2 M NaCl and KCl) in 

the reaction medium and found the analytical response to be identical in their 

presence and absence—at least at the studied concentration level. This led us to 

use non-saline phosphate buffer to adjust the pH. 

– Effect of the addition of acetonitrile to the SWCNT(CdSe) aqueous solution. 

During the previous tests, we found that adding a small amount of acetonitrile to 

the reaction medium altered the kinetics of the FRET process. This led us to 

examine the effect of this variable in order to obtain the strongest possible 

analytical response in the shortest possible time. To this end, we added variable 

amounts of acetonitrile to the SWCNT(CdSe) aqueous solution and monitored the 

fluorescence enhancement due to FRET. The fastest FRET rate was obtained with 

0.005 % acetonitrile (see Fig. 7) and greater amounts had no additional effect. 

Therefore, a proportion of 0.005 % of additive was used in subsequent tests. 
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Fig. 7. Effect of nanoparticle concentration (A), pH (B) and acetonitrile (C) on 
the kinetic and fluorescence signal of perylene.  

Analytical features of the proposed method 

Analytical curves for the determination of the different analytes by using 

water-solubilized SWCNT(CdSe) nanoparticles were obtained by plotting the PL 

intensity as monitored at the maximum emission wavelength for each analyte 

against the analyte concentration (see Fig. 8). The figures of merit of the calibration 

graphs are summarized in Table 1. The detection limit was calculated in accordance 

with IUPAC’s 3σ criterion. The precision of the method was determined as 

repeatability (n = 9) at a concentration level of 0.025 µM benzo(a)anthracene, and 

also as reproducibility (n = 3,measurements of different days); the respective 

results were 1.9 % and 3.3 %. 

As can be seen by comparing the curves of Fig. 4, the most salient achievement 

was the sensitivity enhancement provided by the SWCNT(CdSe) nanoparticles. 
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Thus, under optimal conditions, the fluorescence intensity of each analyte was 

dramatically enhanced by the presence of water-solubilized SWCNT(CdSe) 

nanoparticles: 3 times for pyrene, 10 for benzo(a)pyrene, 4 for benzo(a)anthracene 

and 33 for perylene. This additionally resulted in lower detection limits for the 

analytes. 

 

Fig. 8. Calibration graphs of pyrene, benzo(a)pyrene, benzo(a)anthracene 
and perylene obtained following the proposed method. 

Reproducibility in the preparation of water-solubilized SWCNT(CdSe) was also 

assessed. To this end, water-solubilized SWCNT(CdSe) composites were prepared 

three times on different days and measurements of 0.05 µM of 

benzo(a)anthracene in aqueous solutions of SWCNT(CdSe) made separately. It is 

important to remark that this study was carried out using the same lot of SWCNTs. 

The RSD thus obtained was 5.5 %. 
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Table 1. Analytical figures of merit of the determination of four PAHs. Calibration 
graphs were obtained at seven different concentration levels. 

 

  

Applications 

The usefulness and efficiency of the proposed method, based on the use of 

SWCNT(CdSe) nanoparticles, was evaluated by using it to analyse various types of 

water samples (river, tap and mineral) which were fortified with the analytes at a 

0.05 µM concentration each. The analytical procedure used is described in Section 

2.4 and the results summarized in Table 2. As can be seen, analyte recoveries 

ranged from 97.6 % to 107.0 %. The study of the influence of sample pre-treatment 

is presented in Table 3. 

 

Table 2. Recoveries results obtained of the analysis of different fortified water samples. 
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Table 3. Recoveries obtained of the analysis of river water samples after different 

pre-treatment fortified with benzo(a)anthracene. 

 
 

 

Stability of water-solubilized SWCNT(CdSe) nanoparticles 

Whether the interaction between QDs and CNTs in the SWCNT(CdSe) 

composite is purely electrostatic or results from overlap of delocalized π-orbitals in 

the carbon nanotubes with empty conduction band levels in the CdSe nanoparticles 

cannot be ascertained. In any case, QDs and CNTs must bind very strongly since 

sonication for a long time in the ultrasonic bath used to prepare water-solubilized 

SWCNT–CdSe failed to remove the particles from the CNT surface. 

The ability of the water SWCNT(CdSe) solution to form aggregates was studied 

by nephelometry. To this end, we recorded emission spectra at different excitation 

wavelengths (viz. 300, 400, 500 and 600 nm) judging from which particle 

distribution was uniform.  

The stability of the water SWCNT(CdSe) solution with time was also assessed. 

The solution was found to be stable for at least 2 weeks if stored at room 

temperature in the dark. All treatment needed was brief sonication (10 min) prior 

to use each day in order to obtain a homogeneous dispersion and maximize 

precision in the measurements. Under these conditions, the dispersion retained its 

potential for fluorescence enhancement after 7 days of storage in the dark. 

 



Capítulo 13 

 

 

548 

 

CONCLUSIONS 

We have demonstrated for first time the capability of SWCNT–QDs 

nanocomposites to enhance fluorescence of PAH via FRET. Therefore, these 

nanocomposites open up new possibilities to develop nanosensors because 

combine the exceptional optical properties of QDs with the exceptional sorption 

capabilities of carbon nanostructures. In addition, the fluorescence spectrum of the 

nanocomposite exhibit characteristic peaks, which could be used to increase 

selectivity in a wide range of analytical applications. Such aspect will be studied in 

the future. 
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VI.3. NANOPARTÍCULAS HÍBRIDAS DE QDs CON NANOPARTÍCULAS DE PLATA 

Introducción Ag–QDs 

Las técnicas espectroscópicas intensificadas por nanopartículas metálicas y 

superficies metálicas nanoestructuradas han suscitado gran interés en los últimos 

años. El efecto SERS (Surface-enhanced Raman Scattering) se descubrió en los años 

setenta y consiste en un aumento de la difusión inelástica (señal Raman), 

procedente de determinadas moléculas en presencia de una nanoestructura 

metálica rugosa especialmente preparada. Actualmente se acepta que el gran 

aumento que se produce en la intensidad Raman se debe a dos mecanismos 

fundamentales: (a) el modelo electromagnético (EM), y (b) el modelo químico o de 

transferencia de carga (TC). Ambos contribuyen al efecto SERS aunque la 

contribución específica de cada uno depende del sistema a estudiar. La técnica 

SERS implica un aumento tanto de la sensibilidad como de la selectividad, lo que 

hace de la espectroscopia Raman una técnica con prometedoras aplicaciones 

analíticas. 

La aplicación de la técnica SERS está estrechamente ligada a las propiedades 

morfológicas y superficiales de los sustratos metálicos empleados. Estos sustratos 

han de cumplir unas condiciones morfológicas concretas para ser activos en SERS, y 

estas morfologías pueden ser controladas mediante el proceso de obtención de las 

mismas. Es en este contexto precisamente donde se encuadra el primer Capítulo de 

este Bloque. 
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 En el Capítulo 14 se describe la preparación y caracterización de un nuevo 

sustrato nanoestructurado compuesto por plata y quantum dots (Ag-QDs) para 

evaluar su actividad en SERS y tratar de dilucidar la influencia que los QDs ejercen 

en este nanocomposite. Para ello estas partículas nanoestructuradas de Ag-QDs se 

someten a un amplio estudio de caracterización utilizando las siguientes técnicas: 

espectroscopia UV-Vis, microscopía de barrido (SEM), microscopía electrónica de 

transmisión (TEM), espectroscopia dispersiva de Rayos X (EDX) y difracción de 

electrones. 

Por otra parte, existe un interés creciente en el acoplamiento de sistemas de 

detección específicos que proporcionen información estructural, como la 

espectroscopia Raman o su modalidad SERS, con sistemas de separación 

miniaturizados, como la micro-cromatografía de líquidos. Para que este 

acoplamiento sea efectivo se requieren interfaces adecuadas que proporcionen 

sistemas de análisis fiables y robustos. Con esta finalidad se propone el uso de un 

microdispenser piezoeléctrico en los trabajos desarrollados en los siguientes 

capítulos. Al mismo tiempo, la sociedad demanda cada vez más el desarrollo de 

métodos muy sensibles, capaces de alcanzar los niveles de trazas para ciertas 

aplicaciones. Con objeto de solventar la baja sensibilidad de la que adolece la 

espectroscopia Raman se hace uso de la modalidad SERS introduciendo como 

novedad el nuevo sustrato de Ag-QD altamente activo sintetizado anteriormente. 

Por lo expuesto queda justificado el gran esfuerzo que se ha hecho en esta 

parte de la Memoria para explotar la potencialidad de estas nuevas 

nanoestructuras de Ag-QDs desde un punto de vista práctico para el desarrollo de 

métodos analíticos de interés medioambiental y biológico. A continuación se 
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adelantan brevemente las aplicaciones desarrolladas en los Capítulos que 

conforman este Bloque: 

 En el Capítulo 15 se lleva a cabo la separación por micro-HPLC de cuatro 

pesticidas pertenecientes a dos familias distintas (atracinas y fenilureas). Mediante 

el uso de un microdispenser, los analitos ya separados se depositan de forma 

controlada en placas de fluoruro de calcio, para posteriormente proceder a su 

determinación por SERS empleando el sustrato de Ag-QDs. 

 En el Capítulo 16 se propone el uso de la suspensión coloidal de Ag-QDs 

para llevar a cabo medidas SERS en solución. Esto se aplica a la determinación de 

las bases nucleicas púricas y pirimídicas tras su separación mediante micro-HPLC y 

recogida en los pocillos de una microplaca. 

 El trabajo recogido en el Capítulo 17 demuestra la posibilidad de resolver 

mezclas de los dos isómeros del conocido explosivo dinitrotolueno (2,4-DNT y 2,6-

DNT) sin la necesidad del uso de una técnica de separación previa, gracias al 

empleo de medidas SERS de la mezcla con el sustrato Ag-QDs y posterior uso de 

técnicas quimiometricas (PLS). 
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This paper reports the effect of the addition of Quantum Dots (QDs) on the 

formation of colloidal silver to obtain new silver-Quantum Dots (Ag-QD) 

structures. The capacity of this new substrate to enhance the Raman response of 

a variety of analytes thank to a surface enhancement effect it also presented. The 

obtained results point out that QDs participate on the reduction of silver. In 

addition, it has been also demonstrated the incorporation of some QDs in the 

colloid which has been characterized by UV-vis spectrometry, scanning electron 

microscope (SEM), transmission electron microscopy (TEM), energy dispersive X-

ray analysis (EDX) and electron diffraction. The new colloid presented sponge-like 

morphology with a particle size higher than traditional colloidal silver obtained 

by the method of Leopodl-Lendl. Although the starting theory was that Quantum 

Dots, which is a semiconducting, can contribute to the surface plasma resonance 

created on the metal surface when the laser light excites conduction electrons 
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enhancing the electrical field, the Raman response observed was similar to that 

obtained in absence of QDs. The small differences of sensitivity observed were 

attributed to changes in the shape of the colloidal structure than an effect of QDs 

in the amplification of the electrical field. In addition, it was demonstrated that 

new substrate also enables the detection of rhodamine to single molecular level. 
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INTRODUCTION 

Surface-enhanced Raman scattering (SERS) method has great [1-19] potential 

as a sensitive, vibrationally specific probe for chemical and bioanalytical sensing 

and imaging applications. The possibility of observing Raman signals, which are 

normally very weak, with enhancements of the order of 106–108 had interesting 

applications, in particular in analytical chemistry. The most progress that should be 

mentioned is the single molecule detection found by Kneipp et al. and Nie et al. [7-

9], suggesting that the enhancement factor can reach as much as 1014–1015. 

Because intensity of Raman signal is proportional to the square of electrical 

dipole moment there are two possible reasons of the enhancement observed in the 

presence of metallic surfaces [ref]. The first is due to an enhancement of 

polarizability thank to a charge-transfer effect or a chemical bound formation 

between the metal surface and the analyte. The second is due to an enhancement 

of the electrical field. When the laser light excites conduction electrons at the 

metal surface a surface plasma resonance is created leading to a strong 

enhancement of electrical field. Irregularities on the metal surface are especially 

responsible of such effect (hot spot).  

The preparation of a highly active SERS colloid is not a trivial subject. It is 

obvious that to use SERS in practice, with analytical purposes, the substrates should 

be stable, reproducibly prepared, inexpensive, and easy to make. In reality, the 

enhancement properties of a SERS-active surface are highly dependent on the 

method of preparation of the surface, and therefore its detailed nanostructure. 

Metal colloids are often used to produce SERS-active media in solution [20-22]. To 

generate stronger SERS signals, aggregation of the metal colloids induced by an 
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analyte itself or by the addition of co-adsorption ions such as Cl- and NO3
- is 

essential [23, 24]. However, aggregates formed in this way result in poor 

reproducibility of SERS signals. This problem can be overcome using a using a 

synthesis method that leads directly to large aggregates without needing 

subsequent addition of an aggregating agent. 

While the use of silver or gold colloidal SERS substrates is widespread, studies 

of substrates with different compositions and morphologies are limited, despite 

their shape-dependent optical properties [15,25-33] due to plasmon resonance. 

Plasmon resonance frequencies can be controlled by judicious modification of the 

geometry of the nanoparticle. Each of these nanostructured geometries offers its 

own unique near-field properties: plasmon resonant frequency, spatial distribution 

of the near-field amplitude across the surface of the nanostructure, orientation 

dependence on polarization of the incident light wave, and spatial extent of the 

near field. For example, unique gold sponges which presented a high SERS activity 

has been recently synthesised by a biopolymer-assisted hydrothermal approach. 

Moreover the composition also plays a key role. Nanoparticles composed of several 

metals have demonstrated to be of special interest not only in the field of catalysis 

but also in their SERS activity, since they often exhibit better properties than their 

monometallic counterparts [34]. The structure of bimetallic nanoparticles depends 

on the preparation conditions, miscibility, and kinetics of reduction of metal ions. 

Combinations such as Au-Pd [35], Au-Pt [36, 37], and Au-Ag [38-40] have been 

reported. 

In this work we synthesize a hybrid material from the combination of quantum 

dots with colloidal silver. Quantum Dots are characterized to be electron donor. It 

is then expected that it helps to the formation of surface plasma resonance. In 
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addition the incorporation of attached QDs on the silver surface will act as a hop 

spot point. Both aspects would contribute to the amplification of the electrical field 

and hence to the amplification of the intensity of the Raman signal. Although 

several methods for preparing SERS-active substrates have been reported in 

literature [41-48], in this work the Leopold-Lendl method was selected as a 

reference [43]. 

EXPERIMENTAL 

Reagents  

All chemical reagents were of analytical grade and used as purchased with no 

additional purification. Cadmium oxide (99.99%), trioctylphosphine oxide (TOPO, 

99%), trioctylphosphine (TOP, 90%), selenium (powder, 100 mesh, 99.99%), 

diethylzinc solution (ZnEt2, 1 M in hexane), bis(trimethylsilyl) sulphide ((TMS)2S), 

anhydrous methanol and anhydrous chloroform were purchased from Sigma 

Aldrich (Madrid, Spain). Hexylphosphonic acid (HPA) was obtained from Alfa Aesar 

(Karlsruhe, Germany). Silver nitrate (99.5%), hydroxylamine hydrochloride (98%), 

sodium hydroxide, rhodamine 6G, crystal violet chloride, adenine and 2,6-

dinitrotoluene were obtained from Sigma Aldrich (Vienna, Austria). 

Preparation of the Ag-QD SERS-active substrate  

The preparation consisted in reducing the Ag(I) ions to Ag(0) in the presence of 

CdSe/ZnS QDs. For that, core-shell quantum dots (ZnS-capped CdSe) were first 

synthesized using CdO as precursor via the procedure described by Peng’s group 

[49]. Then, 0.2 mg of CdSe/ZnS QDs were dispersed in 5 mL of a solution of 

hydroxylamine hydrochloride 8.5*10-3 M with 0.04 mL of NaOH 2 M. The 
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hydroxylamine-QDs dispersion was rapidly added to a 45mL of an aqueous solution 

of silver nitrate (1.1*10-3 M) under vigorous stirring. Finally, the mixture was 

allowed to stir for an additional10 min. The final concentrations of each reagent 

were: 1*10-3 M of Ag, 8.5*10-4 M of hydroxylamine and 4 μL·mL-1 of CdSe/ZnS QDs.   

To compare, the conventional silver colloids were prepared according to 

hydroxylamine reduction method as reported by Leopold and Lendl [43]. 

Instrumentation 

Raman measurements of deposits of analytes were acquired with a confocal 

Raman microscope (LabRaman HR, Jobin Yvon Ltd., Bensheim, Germany) using a 

633 nm laser line and a charge coupled device (CCD) detector with 1024x256 pixels. 

A grating with 600 grooves/mm, a confocal aperture of 500 µm and an entrance slit 

of 100 µm were selected for the experiments. A 100x microscope objective was 

used to focus the laser beam (20 mW) inside the solution as well as to collect the 

sample scatter signal (back scattering configuration). Under these experimental 

conditions the volume measured was of approximately 1 μm3. In all cases SERS 

spectra were recorded with a data acquisition time of 20 s and were baseline 

corrected. 

UV-vis spectra were recorded on an UV-vis diode array spectrometer (HP 

8452A, Hewlett-Packard).  
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RESULTS AND DISCUSSION 

The results and the discussion of the two main objectives of this paper: (i) 

synthesis of colloidal silver modified with Quantum Dots, and (ii) study of its 

influence on the intensity of Raman signal are presented below.  

Synthesis and characterization of the Ag-QD SERS-active substrate 

In this work, QDs of CdSe coated with a layer of ZnS were selected. The main 

reasons for such selection were: they are electron donor, they present a high 

stability and they can be synthesized and purified in a very narrow distribution of 

diameter. 

Leopold-Lendl method was selected as silver colloid reference because the 

method involves a rapid synthesis, and the most important it has a high 

reproducibility as it has been reported by a wide range of authors. 

To synthesize the modified material, it was performed the synthesis of the 

silver colloid in the presence of QDs. For that, QDs were dispersed and solubilised 

in hydroxylamine solution. Afterwards this dispersion was quickly mixed with a 

silver nitrate solution. In the first experiments the concentration of hydroxylamine 

and silver nitrate were as the Leopold-Lendl method. However, because QDs are 

also reductant, the silver colloid was not stable due to its high size and precipitate. 

It was necessary to reduce the concentration of hydroxylamine from 1.5*10-3 M to 

8.5*10-4 M. The effect of the amount of QDs was studied in the range 0-0.2 mg. The 

results of the characterization of the substrate are described below.  

Characterization by Spectroscopy. The optical characterization of each Ag-QD 

colloid was carried out by UV-Vis spectroscopy. The absorption maximum of the 

measured UV-vis spectrum of the colloidal solution provides information on the 
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average particle size, whereas its full width at half-maximum can be used to 

estimate particle dispersion. As can be seen in Figure 1, UV/vis spectra confirm the 

formation of a new class of colloid. For silver colloid (without QDs) the plasmon 

band appeared with λmax 405 nm. However for Ag-QD colloids, a red shifting and a 

broadening of the plasmon band was observed gradually as the QDs concentration 

increases from 0 to 0.5 mg, suggesting the formation of larger particles. Moreover 

the intensity of plasmon band decreased which suggests relatively smaller 

population of larger particles for higher QDs amount. The differences in the 

plasmon bands can exclusively be attributed to changes on the plasmon resonance 

of Ag particles due to morphologic changes when the QDs are present during the 

reduction of the silver to form silver colloid. 

 

Figure 1. A photograph (A) and the UV-vis spectra (B) of the different Ag-QD 
preparations (with different amounts of QDs and therefore with Ag/QD 
proportions).  
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Increasing the amount of QDs, the obtained Ag-QD aggregates were larger and 

further confirmed that this parameter has significant effects on the stabilization in 

suspension, surface morphology and the SERS activity of the Ag-QD substrate. 

Therefore, experiments with an amount of QDs higher than 2 mg were discarded. 

Characterization by microscopy. SEM and TEM were used to observe the 

morphologies of the synthesised Ag-QD composites. As can be seen in SEM images 

(Figure 2), the Ag-QD composite presents a particular sponge-like morphology that 

has many irregularities. Also, it should be noted that the size of the aggregates is 

very large (between 80-120 µm) in contrast with particles obtained with Leopold-

Lendl method.  

 

Figure 2. SEM micrographs of the common Ag colloid (prepared by Leopold-Lendl 
method) and the Ag-QD proposed in this work. 



Capítulo 14 

 

 

566 

 

Figure 3 shows TEM images of the Ag colloid. It is important to remark that 

QDs attached on the silver surface or located between silver particles were 

occasionally observed (see Figure 3). The distribution of QDs was not homogenous 

in the entire surface. They only were observed in some parts of the colloid.  

To demonstrate the presence of QDs, the chemical composition of a selected 

area of the Ag-QD composite was checked by Energy Dispersive X-Ray Spectroscopy 

(EDX). The analysis showed a strong peak associated with silver, but also smaller 

peaks for sulphur, zinc and selenium from the CdSe/ZnS QDs. The peak Ag/QD ratio 

was 27. The figure 3C also shows the typical selective area electron diffraction 

pattern of a QD inside the Ag-QD structure. The electron diffraction pattern 

matches well with the standard diffraction pattern of a very high crystalline 

structure, confirming that the QDs attached on the silver surface preserved their 

crystallinity.  

In absence of hydroxylamine, silver nanoparticles were obtained thank to the 

direct reduction with QDs. However, the absence of hydroxylamine resulted in non 

stable particles. 

 

http://www.sciencedirect.com/science?_ob=ArticleURL&_udi=B6TVW-48V7H9N-4&_user=723077&_coverDate=08%2F31%2F2003&_rdoc=1&_fmt=full&_orig=search&_cdi=5545&_sort=d&_docanchor=&view=c&_searchStrId=1149894572&_rerunOrigin=google&_acct=C000040418&_version=1&_urlVersion=0&_userid=723077&md5=2908de2c3c3201f4dbe25454ed2cdd34#fig2
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Figure 3. TEM image of the Ag-QD composite at two magnifications;                         
(B) Amplification of the marked area showing the crystalline planes of a QD within 
the Ag-QD structure; (C) Electron diffraction pattern of QD. 

SERS activity of the Ag-QD colloid 

The SERS activity of the different prepared Ag-QD colloids (with different 

Ag/QD proportion) was first tested with rhodamine 6G (R6G). Samples were 

prepared by adding 2 μL of 2 10-9 M R6G to 0.7 mL of Ag-QD solution (the final 

concentration in the mixture was 6 10-9 M) and they were measured in solution.  

The maximum SERS enhancement was obtained with the Ag-QD colloid with 

0.2 mg of QDs which corresponds to a Ag/QD proportion of 27 (w/w).   

The variation of the 1366 cm-1 band intensity with different amounts of 

particles for a concentration of 8.35*10-9 M of R6G was also studied. The signal 
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intensity increases with increasing concentration of the colloid until reach a 

maximum. 

The SERS activity of the substrate was also tested for crystal violet, pyrimide 

and purine bases, chloropesticides and explosives. As examples, Figure 4 compares 

the Raman spectrum of rhodamine, crystal violet, adenine and 2,6-dinitrotoluene 

obtained with silver colloid prepared according to Leopold-Lendl method and with 

the new proposed method. As can be seen, in general the Raman intensity signal 

was three-five times higher with the new material. Because such sensitivity 

enhancement is lower than one order of magnitude, it was attributed to a chemical 

effect due to changes in the structure of silver colloid. 

 

Figure 4. SERS spectra of several analytes obtained  with the new Ag-QD colloid and 
the Leopold-Lendl Ag silver colloid: A) Rhodamine 6G (R6G), B) Crystal violet (CV), 
C) Adenine (ADE), and D) 2,6-dinitrotoluene (DNT).  
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The SERS activity was also tested at low concentration level in the case of 

rhodamine. For that, the profile of the Raman signals with time was recorded for 

two different concentration levels of R6G 2*10-7 M and 2*10-9 M which 

corresponds to the measurement of 120.4 and 1.2 molecules respectively in the 

measured volume (1 µm3). At higher concentrations the distribution of the signal 

was a Gaussian curve however at molecular concentration level the distribution 

was multimodal showing the distribution of a signal provided but 0, 1 and 2 

molecules. 

In summary, the evidence for single-molecule detection rests on two 

observations: (1) the low adsorbate-to-particle ratios used in the experiments 

make it unlikely that there could be more than one adsorbate per aggregate, and 

(2) an on-off blinking behavior indicative of single-molecule dynamics is found. 

Periods of several seconds can occur when there is no Raman intensity, followed by 

long periods when the Raman intensity returns. It was then possible to perform a 

single molecular detection with the new substrate with a similar sensitivity to that 

provided with the Leopold-Lendl colloid in presence of salt to facilitate the 

aggregation of the particles. 

In order to study the reproducibility of the synthesis procedure six 

independent preparations were made. The SERS measurements of the R6G at a 

concentration level of 4*10-8 M were carried out. The relative standard deviations 

(RSD) using the intensity of the band at 1510 cm-1 was 9.3 %. Then, the different 

preparations were kept on at the room temperature two months in order to test its 

SERS activity and stability with the time. The Ag-QD colloids showed very good 

stability and stable SERS activity over 20 days. After, a month some sedimentation 

of larger particles was observed and the SERS activity began to decrease gradually. 
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And after 40 days, the colloid lost half on its activity (ca. 55 % in relative intensity of 

the rhodamine band at 1510 cm-1). 

CONCLUSION 

In spite to obtain a silver colloid in which it has observed the presence of QDs 

between silver particles and QDs attached on the silver surface it was not observed 

a contribution of QDs to the enhancement of electrical field. Raman intensity signal 

was similar to obtain with the reference silver colloid. The small intensity 

enhancement has been attributed to chemical effect due to changes in the silver 

structure. It can be then concluded from this work that QDs do not have a direct 

effect on SERS activity. The changes in silver structure resulted in enhancements of 

5 times in Raman intensity and in reproducible systems. These improvements can 

be important for some applications.  
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In this work the at-line capillary-liquid chromatography—(microdispenser)—

surface-enhanced Raman spectroscopy coupling was investigated and applied to 

the determination of pesticides. The use of a microdispenser combined with the 

use of a precise and reproducible SERS substrate yielded a chromatographic 

system with excellent analytical properties. The microdispenser was coupled to a 

moving CaF2 hot plate using a flow-through microdispenser interface to collect 

the microdrops. Ag-QD nanocomposites which are highly reproducible thanks to 

its sponge-shaped structure were used as substrate to measure the SERS spectra 

in each spot of the plate. The limits of detection ranged on 0.2−0.5 ng of pesticide 

injected (chlortoluron, atrazine, diuron and terbuthylazine) and the precision 

between 10.2-12.5 %. 
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INTRODUCTION 

Development of different approaches to couple modern separation systems 

with infrared and Raman spectroscopy is an ongoing field of research because for 

analyte identification and fundamental studies, modern spectroscopic techniques 

that provide a full spectrum are required. Among these infrared and Raman 

spectroscopy are of special interest due to the molecular specific fingerprint that 

they provide [1, 2]. However, although the hyphenation of HPLC with mass 

spectrometry (MS), nuclear magnetic resonance (NMR), Fourier transform infrared 

(FTIR) is well known and in many cases, commercial equipments and interfaces are 

available, the coupling of HPLC and Raman spectroscopy is still in a exploratory 

stage [3]. Raman spectroscopy is an interesting spectroscopic technique because it 

allows the possibility to perform fundamental studies, as for example molecular 

interactions; in addition, contrary to IR it does not suffer from the strong 

absorption band of water. Despite such advantages, Raman scattering suffers the 

disadvantage of extremely poor sensitivity [4, 5]. To overcome the lack in 

sensitivity, a more sensitive variant, surface enhanced Raman scattering 

spectroscopy (SERS), may be considered for certain applications. For the detection 

of very low concentrations, surface-enhanced Raman spectroscopy (SERS) has been 

proven to be a powerful method [6-10]. Compared to normal Raman spectroscopy, 

the signal intensity is significantly increased due to the interaction between the 

surface plasmons of colloidal metal structures, analyte molecules, and incident 

laser light [11-13]. 

Several efforts have been undertaken to couple HPLC and SERS following 

different procedures. SERS are most easily coupled to LC in the at-line mode [14], 
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although on-line approaches have also been described in the literature [15, 16]. 

This may be related to the fact that LC eluents frequently contain organic 

modifiers, buffers salts and other additives which not only may cause considerably 

Raman spectral interferences but, more importantly, may have detrimental effects 

on the SERS activity of the sol. The above mentioned constraints can be 

circumvented by immobilizing the LC chromatogram on a thin-layer 

chromatographic (TLC) plate prior to SERS measurement of the analytes.In this 

sense, Seifar et al. deposited the analytes on silica TLC plates [17] and Schneider et 

al. collected the active compound of illicit drugs in the wells of a microtiter plate 

containing a gelatin stabilized silver halide [18]. However, the main disadvantage of 

those methodologies is the inhomogeneous distribution of the deposited drops, 

which prevent their use for quantitative purposes. Other proposed alternatives to 

couple Raman detection to liquid chromatography are heated gas nebulizer [19], 

the use of concentric flow nebulizer [20-22], ultrasonic nebulizer [23, 24], 

electrospray nebulization [25] or thermospray interface [26-28]. Neither of this 

strategies presents enough robustness. Alternatively, the use of a flow through 

microdispenser which is capable of producing 50 pL sized microdroplets is the most 

promising and suitable strategy to achieve small deposits in a controlled way [29, 

30]. The usefulness of these microdispensers has already been demonstrated in 

different hyphenated systems such as LC–MALDI-MS [31-33] or LC-FTIR systems 

[34]. 

The aim of this paper is to study the potential of a microdispenser as at-line 

interface between capillary-LC and Raman spectroscopic detection together with 

the SERS technique using a novel nanocomposite of Silver-Quantum dots as active 

substrate. The combination of the microsystem with the microdispenser allows a 
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more robust and compatible system, on the other hand the use of the 

nanocomposite allows a sensible and robust detection system. At the end, such 

combination will allow the analysis of compounds at sub-nanogram amounts. 

EXPERIMENTAL 

Reagents and materials  

All chemical reagents were of analytical grade and used as purchased with no 

additional purification. Cadmium oxide (99.99%), trioctylphosphine oxide (TOPO, 

99%), trioctylphosphine (TOP, 90%), selenium (powder, 100 mesh, 99.99%), 

diethylzinc solution (ZnEt2, ~1 M in hexane), bis(trimethylsilyl) sulphide ((TMS)2S), 

anhydrous methanol and anhydrous chloroform were purchased from Sigma 

Aldrich (Madrid, Spain). Hexylphosphonic acid (HPA) was obtained from Alfa Aesar 

(Karlsruhe, Germany). Methanol (HPLC grade) was purchased from Sigma 

(Schnelldorf, Germany). Chlortoluron (99.8 %), atrazin (97.4 %), diuron (99.5 %) and 

terbuthylazine (98.6 %), all of them Pestanal grade standards, were provided by 

Riedel-de-Haen (Seelze, Germany). 

Stock solutions of the pesticide mixture (1000 µg·mL-1) were prepared in 

methanol and stored at 4 ºC. Diluted standards were prepared from this solution 

by appropriate dilution in the mobile phase. 

Preparation of the SERS-active substrate 

A very high-SERS-active Ag-QD nanostructure is used as a novel and very 

promising SERS substrate. Both the optimization in our Ag-QD preparations and the 

characterization of these nanocomposites were performed in detail in an earlier 

work. Briefly, core-shell quantum dots (ZnS-capped CdSe) were synthesized using 
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CdO as precursor via the procedure described by Peng’s group *35+. Then, 0.2 mg of 

CdSe/ZnS QDs were dispersed in 5 mL of a solution of hydroxylamine 8.5*10-3 M 

with 0.04 mL of NaOH 2 M. The hydroxylamine-QDs dispersion was rapidly added 

to a 45 mL of an aqueous solution of silver nitrate (1.1*10-3 M) under vigorous 

stirring. Finally, the mixture was allowed to stir for an additional 10 min. 

Instrumentation  

The µLC chromatographic system consisted of an Ultimate 3000 Dionex with a 

1 µL injection loop and a C18 Acclaim PepMap (300 µm ID x 15 cm, 3 µm, 100 Å) 

separation column from Dionex. The column was kept at 40 °C and the experiments 

were performed with 3 µL·min-1 eluent flow rate. For the separation, methanol was 

used as solvent A and deionized water was solvent B and the following multi-steps 

gradient were used: 0 min 50% A, 20 min 70% A, 22 min 100% A, 33 min 100% A, 36 

min 50% A, 40 min 50% A. All the eluent was transferred to the microdispenser 

without flow splitting. A variable wavelength UV–vis detector (Ultimate UV 

detector, LC Packings, Dionex) set at 224 and 248 nm was placed before the 

microdispenser interface. An in-house developed program based on LabVIEW 8.5 

software (National Instruments, Austin, USA) was used to control the UV 

spectrometer and register the chromatograms. The UV detection window was 

made in the untreated fused silica capillary (i.d. 50 µm, o.d. 363 µm) by burning 

away a small piece of surrounding polyamide coating on the capillary.  

The flow-through microdispenser interface is a micro-liquid handling device 

formed by two silicon structures by conventional micromachining. The 

piezoceramic element of the dispenser was driven by a dc power supply (HGL 5630 

DLBN) together with a computer controlled arbitrary waveform generator (Agilent 
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33120A, Agilent Technologies, Palo Alto, CA) which provided and electronic pulse 

with defined amplitude (15 V), rise (5 µs), width (490 µs), and decay time (680 µs). 

To enable lateral location of the deposits on the CaF2 (80 mm × 19 mm × 2 mm) 

target, a computer controlled x,y-stage (Newport THK, Compact Linear Axis) with 

step sizes of 5 µm and maximum distance of 90 mm × 40 mm was implemented in 

the dispensing unit. A heatable sample holder A599 Bruker (Bruker GmbH, 

Ettlingen, Germany) with a maximum temperature of 180°C was used to control 

the temperature of the CaF2 window. The microdispenser was connected with the 

µLC column via a fused silica capillary (i.d. 50 µm, o.d. 364 µm, and 40 cm long). All 

the computer controlled components of the microdispensing unit were operated 

with the help of an in-house-written MS Visual Basic 6.0 (Microsoft) based software 

program (Sagittarius, Version 3.0.25) working under Windows NT operating system. 

Raman measurements of deposits of analytes were acquired with a confocal 

Raman microscope (LabRaman HR, Jobin Yvon Ltd., Bensheim, Germany) using a 

633 nm laser line and a charge coupled device (CCD) detector with 1024x256 pixels. 

A grating with 600 grooves/mm, a confocal aperture of 500 µm and an entrance slit 

of 100 µm were selected for the experiments. A 100x microscope objective was 

used to focus the laser beam (20 mW) on the CaF2 plate as well as to collect the 

sample scatter signal (back scattering configuration). 

Separation and detection of pesticides 

 Continuous system 

The working conditions of the stage microdispenser to obtain the maximum 

Raman information of the chromatographic separations were optimized to collect 

the maximum number of drops possible. For that the working conditions of the 
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stage-dispersing unit were as follow. Initially it was stopped 1140 seconds, then it 

moves a fast translation of 1 mm (at 1000 µm per second), and a stop of 10 sec 

while the dispenser was working with a dispensing frequency of 0.1 droplets per 

second was carried out. This program was repeated until the end of the 

chromatographic separation. In this way each analyte was found in three or four 

points along the plate allowing the representation of a 3D chromatogram. 

Optimized system for increased sensitivity  

To obtain the maximum sensitivity the stage microdispenser were 

programmed to collect the maximum amount of each analyte in the same place of 

the CaF2 plate. The optimal working conditions for the stage-microdispenser unit 

were fixed according with the elution time of each analyte and the separation 

between them and were as follows (see Fig. 1B). First this unit was stopped 1140 

seconds and after that it started to work with the following program: a fast 

translation of 1 mm (at 1000 µm per second), a stop of 40 sec while the dispenser 

was working with a dispensing frequency of 0.1 droplets per second and this cycle 

was repeated 6 times. Then, the stage-microdispenser unit was stopped during 260 

seconds and immediately the same above program was carried out two more 

times. During the whole deposition process the temperature of the sample holder 

was maintained at 80°C.  

Measurement of Raman and SERS spectra 

In both cases the Raman and SERS measurements of the deposited 

chromatograms were carried out in the same way. First the Raman spectra of each 

analyte were recorded from each deposited spot The position of each analyte spot 

on the trace was looking for with the Raman microscope by means of a manually 
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controlled x,y-stage. Subsequently, aliquots of the colloidal Ag-QD solution (1 µL) 

were cast using a Hamilton syringe and air-dried on each analyte spot and SERS 

spectra were collected. In all cases spectra were recorded with a data acquisition 

time of 20 s and were baseline corrected. 

RESULTS AND DISCUSSION 

The at line coupling between the μLC system and the Raman equipment to 

perform the SERS detection consisted in a flow-through microdispenser. The 

piezoactuated flow-through microdispenser, used in the work is capable of 

generating highly reproducible microdrops of ca. 50 pL sized [29, 30]. The 

microdrops, were deposited onto a CaF2 plate heated at 80 ºC which was located in 

a stepper motor driven xy-stage. The study of such system is described below.   

Microdispenser as at-line interface 

The coupling of the microdispenser with the chromatographic system allows 

the continuous deposition of fractions (microdops) from the flow coming from the 

chromatographic column onto a CaF2 target plate. Because the plate is heated to 

80ºC, after deposition the solvent is evaporated resulting in the formation of 

crystalline deposits. 

Multicomponent standard solutions of the four pesticides were separated by 

µLC using the conditions described in the experimental section. The UV 

spectrometer placed just before the microdispenser interface was recording the 

absorbance at 224 and 248 nm. Figure 1A shows a typical chromatogram of the 

four pesticides recorded by absorbance detection at 224 and 248 nm when a 

standard solution of 10 µg·mL-1 (10 ng injected on column) for each pesticide was 

injected. Under the optimized conditions of the stage-dispersing unit to obtain the 
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maximum sensitivity (described in section 2.4), the chromatographic trace 

consisted of solid deposits of the sequentially eluted analytes from a 10 µg·mL-1 

pesticide mixture standard. The programmed performing of the microdispenser-

stage is depicted in Figure 1B. The size and shape of the spots obtained for the 

different analytes is shown in Figure 1C. These images were recorded with the 

Raman microscope using the 50x microscope objective (top) and the 100x 

microscope objective (down). As can be seen, the spot diameters were of ca. 10 

µm, although the spot size varies depending on the amount of analyte deposited 

on the plate.  

Based on the results from previous studies carried out with the same 

microdispenser [36], the working conditions were re-studied in order to obtain 

smaller and more compact analyte spots. Slight changes in the droplet due to 

differences in surface tension of the solution can be controlled by modification of 

the applied electrical pulse driving the piezoceramic element. The better results 

were obtained with an amplitude of the signal of 2.5 V and a DC offset of 1.25 V. In 

general, a higher speed will result in a better resolution on the plate, but obviously 

this will be at the expense of sensitivity. Finally, the optimal working conditions for 

the stage-microdispenser unit were as follows. First this unit was stopped 1140 

seconds and after that it started to work with the following program: a fast 

translation of 1 mm (at 1000 µm per second), a stop of 40 sec while the dispenser 

was working with a dispensing frequency of 0.1 droplets per second and this cycle 

was repeated 6 times. Then, the stage-microdispenser unit was stopped during 260 

seconds and immediately the same above program was carried out two more 

times. During the whole deposition process the temperature of the sample holder 

was maintained at 80°C. In these conditions the dispenser´s precision was very 
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acceptable. It was found that more homogeneous deposits could be obtained for 

lower concentrations of the analyte. 

 

Figure 1. (A)  The μLC-UV chromatogram of the four pesticides recorded by 
absorbance detection at 224 and 248 nm for a mixture standard solution of 10 
µg·mL-1 (10 ng injected on column); peak 1: chlortoluron, peak 2: atrazine, peak 3: 
diuron, peak 4: terbuthylazine (B) The programmed performing of the 
microdispenser-stage; (C) Microscopic images of the solid deposits of the diferent 
analytes from a 10 µg·mL-1 pesticide standard injected. 
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SERS detection 

To optimize the procedure of the SERS analysis of the deposited compounds, 

preliminary experiments were performed by manual deposition of the analytes and 

the SERS-active solution on the plates using a Hamilton syringe. First, three 

different types of plates (CaF2, ZnSe and glass) were compared. The CaF2 plates was 

found to be a better substrate than glass because of the more compact spots 

obtained and consequently higher sensitivity and better spatial resolution 

achieved. In a second study the deposition order of the analytes and the SERS-

active solution was studied. In the first proof, the Ag-QD NPs were first deposited 

on the plate and after the droplet with the analyte was placed above. This 

procedure did not produce good results because the previously deposited Ag-QD 

NPs are just immobilized by adsorption and when the methanolic solution of the 

analyte is added above, the NPs are removed. In a second approach, the analytes 

were deposited first on the plate and then the colloidal Ag-QD solution was added 

on each spot. This approach did lead very good and reproducible results. This 

procedure has already been reported in previous works [14, 37, 38]. 

The Raman and SERS spectra of Figure 2 were recorded using an injected 

pesticide concentration of 10 μg·mL-1 of each one. With an injection volume of 1 μL 

and without flow splitting, the total amount of each pesticide injected in the µLC 

column is 10 ng. Therefore, under the above mentioned dispenser’s working 

conditions and considering that the volume of each drop is 50 pL [29], the 

corresponding amount of analyte deposited on the plate is ca. 1 ng.  

Apparently, the deposition process and the interaction of the analytes with the 

plate do not disturb the spectral shapes. The Raman spectra were recorded first 

from each deposited spot, and after the addition of Ag-QD solution above each 
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spot the SERS spectra were obtained. As can be seen, the Raman intensity of all 

analytes (measured at the same dot) increased enormously after the deposition of 

the Ag-QD composite. After addition of Ag-QD solution, spot diameters increased 

to ca. 20–25 µm, but this increase in spot size did not affect the spatial resolution. 

Good quality SERS spectra were recorded for all analytes (Fig. 2). The spectra 

of the two triazines and those of the two phenylureas are, of course, rather similar, 

but a lot of spectral significant differences in the 1800-200 cm-1 region allowed 

their unequivocal identification and mutual discrimination. 

 

Figure 2. Raman and SERS spectra of the four pesticides for 10 μg·mL-1 injected on 
μLC column. All spectra were collected using acquisition times of 20 seconds. 
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Analytical features of the µLC-(microdispenser)-SERS method 

The new methodology µLC-(microdispenser)-SERS was also evaluated in terms 

of sensibility, limits of detection (LOD) and quantification (LOQ) and precision and 

the results obtained are summarized in Table 1. The analytical signal used was the 

Raman intensity at 780 cm-1 for chlortoluron, 960 cm-1 for atrazine, 1230 cm-1 for 

diuron and 960 cm-1 for terbuthylazine. Calibration graphs were constructed by 

plotting the Raman intensity of the selected peak for each analyte versus the 

pesticide versus the pesticide concentration injected in μLC column (Figure 3). It is 

of course interesting to estimate the detection limits obtained with the μLC-

(microdispenser)-SERS technique. To determine the limits of identification, various 

dilutions of the four pesticide mixture were analysed by µLC-(microdispenser)-

SERS. The deposits from a diluted sample of 0.2 μg·mL-1 still yielded identifiable 

spectra for all pesticide. From these spectra the identification limits were estimated 

to be 0.1–0.2 μg·mL-1 depending on the studied pesticide, which corresponds with 

an amount of ca. 10–20 pg deposited on the CaF2 plate. At these concentrations, 

the deposited spots of the analytes could no longer be localized visually. 

Interestingly, they could be determined quite accurately on the basis of retention 

times and the speed of the CaF2 plate during deposition. It should be emphasized 

that the deposited amounts were dispersed on the plate in spots of ~10 μm2 as can 

be seen in figure. Only a minor fraction of each spot was irradiated by the laser 

beam, which had a cross section of ~1 μm2 when the 100x microscope objective 

was used. Therefore, the spectra recorded represent no more than a few 

picograms of pesticide. 

 



 

 

 

 

 

Table 1. Comparison of analytical features of the µLC-UV and µLC-(microdispenser)-SERS methods for the 
determination of chlorinated pesticides. 

 µLC-UV µLC-(microdispenser)-SERS 

Chlortoluron Atrazine Diuron Terbuthylazine Chlortoluron Atrazine Diuron Terbuthylazine 

Retention time 
(min) 

19.8 21.3 22.7 27.7 19.8 21.3 22.7 27.7 

Analytical Signal 
Absorbance 

(248nm) 
Absorbance 

(224nm) 
Absorbance 

(248nm) 
Absorbance 

(224nm) 
Raman 

Int.(780cm
-1

) 
Raman 

Int.(960cm
-1

) 
Raman 

Int.(1230cm
-

1
) 

Raman 
Int.(690cm

-1
) 

Regression 
equation 

y= 0.0271x – 0.0382 y=0.0485x + 0.0141 y=0.0294x + 0.0257 y=0.0515x - 0.0559 y = 1137.9x - 0.6 y = 646.96x + 0.3 y = 1845.5x – 0.2 y = 1655.8x – 0.8 

Linearity (R²) 0.9922 0.9946 0.9928 0.9954 0.9775 0.9754 0.994 0.9876 

LOD  
(µg·mL-1)a 1.5 1.1 1.3 1.0 0.2 0.2 0.1 0.1 

LOQ 
 (µg·mL-1)b 

5.0 3.7 4.3 3.3 0.5 0.5 0.5 0.5 

RSD (%) c 4.4 7.2 5.0 4.0 11.9 12.5 10.2 11.3 

 

a LOD established as 3 times the standard deviation of five replicates of 10 µg·mL-1  standard pesticide mixture divided by the slope of the 
calibration line (for the µLC-UV method) and calculated experimentally doing dilutions of the pesticide mixture standard until still yielded 
identifiable spectra for each pesticide (for the µLC-microdispenser-SERS method). 

b LOQ established as 10 times the standard deviation of five replicates of 10 µg·mL-1 standard pesticide mixture divided by the slope of the 
calibration line (for the µLC-UV method) and the lower concentration of the calibration line (for the µLC-microdispenser-SERS method). 

c Relative standard deviation value of five independent analysis of 10 µg·mL-1 standard pesticide mixture. 
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In order to study the repeatability of the total proposed method, five 

independent analysis of 10 µg·mL-1 were carried out and the RSD obtained was 

between 10.2-12.5 % depending on the studied analyte. 

 

Figure 3. Calibration of SERS spectra collected from spots of each analyte at 
different amounts injected in the μLC column (between 0.5-20 ng), plus according 
of the Raman peak used as analytical signal for each one. 

In Table 1 are shown the analytical features of the proposed method and those 

obtained with the same microfluidic system and performing the on-line detection 

with a UV spectrometer. As can be seen the LOD achieved with the proposed 

methodology were much lower than those achieved in UV absorbance detection. It 

is important to remark that the precision of the proposed method, in spite of the 

complexity of the interface, was slightly higher than those obtained with the UV 

spectrometer which is well known for its robustness. It was attributed to the high 

compatibility of the microdispenser with a low flow stream coming from the 
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microcapillary column versus other combinations such as a LC system with a split 

flow interface, and the high reproducibility on the synthesis of the nanocomposite 

SERS substrate. 

In comparison with other similar μLC-(microdispenser)-FTIR combination reported in 

literature [36] for the same compounds, the use of the nanocomposite has allowed the 

detection of only 0.2 ng of pesticides, amount which is ten times lower to the amount of 

other application described in literature. The present gain in sensitivity is owing to two 

reasons: the analyte spots produced by μLC-microdispenser in the present work are 

considerably smaller, and thus more concentrated, than those obtained with the conditions 

used in the previous work [36], and also much better SERS detectability was achieved for 

using the novel colloidal Ag-QD solution as SERS substrate. 

Finally, the 3D SERS chromatogram obtained under the recommended working 

conditions is depicted in Figure 4. As can be seen, each analyte was found in three or four 

points along the plate allowing the representation of a 3D chromatogram. 

 

Figure 4. 3D SERS chromatogram obtained from a 10 µg·mL-1 pesticide mixture standard 
injected in the μLC column. The stops of the stage-dispersing unit were 10 seconds and 
the dispersing frequency of the microdispenser was 0.1 droplets per second. 
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CONCLUSION 

The combination of the µLC-(microdispenser)-SERS using a novel Ag-QD 

nanocomposite as SERS-substrate was found to be a useful technique for the 

separation, identification and quantification of pesticides. The detection limits 

achieved were very low between ca. 10–20 pg deposited on the CaF2 plate 

depending on the analyte selected. These were much lower than the detection 

limits achieved in UV absorbance detection, so that better quantitative and also 

qualitative (structural) information can be obtained with the proposed 

methodology. Considering these aspects together the high reproducibility of the 

system, it can be affirmed that the use of a microdispenser combined with the µLC 

and the SERS detection using the nanocomposite are the most reliable combination 

described to data to obtain 3D chromatograms as well as the maximum Raman 

sensitivity. 
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We have developed a new analysis procedure based upon Capillary Liquid 

Chromatography (μLC) in combination with surface-enhanced Raman scattering 

(SERS) spectroscopy to separate and determinate simultaneously pyrimidine and 

purine bases.  The different fractions containing the individual analytes from the 

μLC column were collected on the microtiter plate well’s (filled previously with 

the SERS active solution) using a flow-through microdispenser interface. The type 

of SERS substrate employed for recording SERS spectra was a novel silver-

quantum dots (Ag-QD) colloidal solution, which has already been demonstrated 

to lead to very high Raman enhancement factors for a wide variety of 

compounds. A detailed study of the pH-dependence both on the separation and 

on the SERS signal of each base was presented. The detection limits achieved 

were very low between 0.2-0.3 ng injected on the µLC column and the precision 
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of the method was very good, with RSD values between 3.0-6.3 % depending on 

the studied base. 

Therefore, it has been demonstrated that the coupling of μLC-UV-SERS is a 

promising analytical methodology to separate, identify and quantify nucleotic 

constituents, such as six different nucleotic bases. 
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INTRODUCTION 

Separation and determination of nucleic bases (purine and pyrimidine) is an 

interesting and challenging task, because of they are constituents of DNA and RNA 

and consequently of fundamental importance in a variety of biochemical processes. 

Thus, analysis of these bases can be most useful in the diagnosis of several serious 

diseases and metabolic disorders. Measuring individual concentrations of adenine 

and guanine or their ratio in DNA or RNA is equally important to the determination 

of the nucleic acid concentration itself. Indeed, nucleic acid components in 

physiological fluids, tissues and cells are related to the catabolism of nucleic acids, 

enzymatic degradation of tissues, dietary habits, and various salvage pathways. 

Therefore, detection of elevated levels of these substances could be indicative of 

certain disease. In fact, purine and pyrimidine bases in urine, serum or plasma 

show noticeable differences between healthy subjects and individuals with various 

types of cancer.1,2 Apart from the four principal DNA nucleic bases, which are 

adenine, guanine, thymine and cytosine, xanthine and hypoxanthine are two 

important derivates that are usually presented. Lim et al. recently showed that 

xanthine and hypoxanthine could be formed from guanine and adenine during DNA 

hydrolysis or enzymatic degradation.3,4 For that, the quantification of total purines 

is normally defined as the sum of adenine, guanine, xanthine and hypoxanthine.5  

The most widely used technique for the determination of nucleic bases in 

biological samples is liquid chromatography. The reversed phase is at present the 

most commonly used liquid chromatographic method for the determination of 

nucleic acid constituents using C8 or C18 columns.6-8 The nucleotides, nucleosides 

and bases can be separated by reversed phase, but some of these could not be 
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resolved simultaneously and required the ion-pairing mode which has a wider 

range of parameters to be conveniently adjusted and optimize the separation.8,9 

The difficulty of resolving mixtures containing bases of both types together (purines 

and pyrimidines) is due to a phenomenon known as “vertical base stacking”. Brown 

and Grushka investigated that this phenomenon had a significant effect on the 

retention time and orders of the nucleic acid constituents.10 

Within the last decade, capillary electroseparation methods, in particular 

capillary zone electrophoresis (CZE), have become versatile processes as well as 

quality control techniques and a viable alternative to commonly employed 

chromatographic methods.8,10,11,12 The majority of nucleotides, nucleosides and 

nucleic bases are generally detected by UV spectroscopy However, the major 

problems encountered when applying high performance liquid chromatography 

(HPLC) with UV detection are the development of a suitable eluent and the unique 

identification of the analyte in a certain peak of the chromatogram. For the latter 

purpose, other techniques like mass spectrometry,13-15 NMR,16 fluorescence16,17 or 

electrochemical detection18,19 have also been employed. 

Already more than a decade ago, it has been demonstrated that surface-

enhanced Raman scattering (SERS) spectroscopy is an attractive means to identify 

analytes after separation by GC or HPLC.20-25 In SERS, the Raman vibrational modes 

of a molecule located in close proximity to a nanosized metal surface are strongly 

enhanced, providing structural and orientational information about the 

adsorbate.26-28 Enhancements on the order of 103-106 are typical, and single 

molecule detection, with enhancements greater than 1014, have been 

demonstrated.29-31 Because of its extraordinary signal enhancement over normal 

Raman scattering, SERS has been widely used in biological systems,32-39 however, 



 Nanopartículas Híbridas Ag–QDs 

 

605 

 

little work has been done with mixture of the four DNA nucleic bases and their 

main metabolites after separation by HPLC. 

In a previous work has been demonstrated the enormous potential of a silver-

quantum dot colloid “Ag-CdSe/ZnS” to be used as SERS-active substrate for 

detecting a broad variety of molecules.40 For this reason, it is believed that it could 

be a very suitable colloid for the determination of molecules of biological interest 

such as nucleic bases.  

In this communication we will demonstrate how the main purine and 

pyrimidine bases (adenine, guanine, thymine and cytosine) and two of their most 

common degradation products (xanthine and hypoxanthine) can be identified and 

quantified by recording SERS spectra of the output of a capillary-LC instrument by 

employing a novel silver-quantum dots colloid as SERS-active substrate in the wells 

of microtiter plates. 

EXPERIMENTAL 

Reagents and materials 

All chemical reagents were of analytical grade and used as purchased with no 

additional purification. Cadmium oxide (99.99%), trioctylphosphine oxide (TOPO, 

99%), trioctylphosphine (TOP, 90%), selenium (powder, 100 mesh, 99.99%), 

diethylzinc solution (ZnEt2, 1 M in hexane), bis(trimethylsilyl) sulphide ((TMS)2S), 

anhydrous methanol and anhydrous chloroform were purchased from Sigma 

Aldrich (Madrid, Spain). Hexylphosphonic acid (HPA) was obtained from Alfa Aesar 

(Karlsruhe, Germany). Methanol (HPLC grade) was purchased from Sigma 

(Schnelldorf, Germany).  
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Adenine, guanine, cytosine, thymine, xanthine and hypoxanthine were 

supplied by Sigma (Vienna, Austria). Stock solutions of the standards (1000 mg·L-1) 

were prepared by dissolving adenine, cytosine, and thymine in water and guanine, 

xanthine and hypoxanthine in 2 M perchloric acid. These solutions were stable for 

at least 2 weeks at 4 ºC. Diluted standards were prepared from this solution by 

appropriate dilution in the mobile phase. Working standard mixture solution were 

prepared from the individual stock solutions by appropriate dilution in a phosphate 

buffer of pH=7. These diluted working solutions were prepared daily. 

Preparation of the SERS-active substrate  

A very high-SERS-active Ag-QD nanostructure is used as a novel and very 

promising SERS substrate. Both the optimization in our Ag-QD preparations and the 

characterization of these nanocomposites were performed in detail in an earlier 

work [40]. Briefly, core-shell quantum dots (ZnS-capped CdSe) were synthesized 

using CdO as precursor via the procedure described by Peng’s group.41 Then, 0.2 

mg of CdSe/ZnS QDs were dispersed in 5 mL of a solution of hydroxylamine 8.5*10-

3 M with 0.04 mL of NaOH 2 M. The hydroxylamine-QDs dispersion was rapidly 

added to a 45 mL of an aqueous solution of silver nitrate (1.1*10-3 M) under 

vigorous stirring. Finally, the mixture was allowed to stir for an additional 10 min. 

The SERS-active substrate was prepared by filling 20µL of the Ag-QD colloidal 

solution into each well of a made-home microtitler plate. The microplate consisted 

of a teflon plate with lots of conical wells in a line. The size of each well was 3 mm 

in diameter and 3mm in deep and the distance between wells was 0.5 mm.  
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Instrumentation 

The µLC chromatographic system consisted of an Ultimate 3000 Dionex with a 

1 µL injection loop and a C18 Acclaim PepMap (300 µm ID x 15 cm, 3 µm, 100 Å) 

separation column from Dionex. For the separation, methanol was used as solvent 

A and deionized water was solvent B. All the eluent was transferred to the 

microdispenser without flow splitting at 3 µL min-1 of flow rate. A variable 

wavelength UV–vis detector (Ultimate UV detector, LC Packings, Dionex) set at 260 

nm was placed before the microdispenser interface. An in-house developed 

program based on LabVIEW 8.5 software (National Instruments, Austin, USA) was 

used to control the UV spectrometer and register the chromatograms. The UV 

detection window was made in the untreated fused silica capillary (i.d. 50 µm, o.d. 

363 µm) by burning away a small piece of surrounding polyamide coating on the 

capillary.  

The flow-through microdispenser interface is a micro-liquid handling device 

formed by two silicon structures by conventional micromachining. The 

piezoceramic element of the dispenser was driven by a dc power supply (HGL 5630 

DLBN) together with a computer controlled arbitrary waveform generator (Agilent 

33120A, Agilent Technologies, Palo Alto, CA) which provided and electronic pulse 

with defined amplitude (15 V). A computer controlled x,y-stage (Newport THK, 

Compact Linear Axis) with step sizes of 5 µm and maximum distance of 90 mm × 40 

mm was implemented in the dispensing unit. The microdispenser was connected 

with the µLC column via a fused silica capillary (i.d. 50 µm, o.d. 364 µm, and 40 cm 

long). All the computer controlled components of the microdispensing unit were 

operated with the help of an in-house-written MS Visual Basic 6.0 (Microsoft) 
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based software program (Sagittarius, Version 3.0.25) working under Windows NT 

operating system.  

Raman measurements were acquired with a confocal Raman microscope 

(LabRaman HR, Jobin Yvon Ltd., Bensheim, Germany) using a 633 nm laser line and 

a charge coupled device (CCD) detector with 1024x256 pixels. A grating with 600 

grooves/mm, a confocal aperture of 500 µm and an entrance slit of 100 µm were 

selected for the experiments. A 100x microscope objective (a 100-fold 

magnification objective) was used to focus the laser beam (20 mW) into the 

solution as well as to collect the sample scatter signal (back scattering 

configuration). Under these experimental conditions the volume measured was of 

approximately 1 μm3. 

Separation and detection of nucleotic bases  

Separation conditions. For the chromatographic separation, methanol was 

used as solvent A and deionized water was solvent B and the following multi-steps 

gradient were used: 0 min 2% A, 3 min 2% A, 10 min 10% A, 22 min 22% A, 24 min 

22% A, 26 min 2% A, 30 min 2% A. The column was kept at 40 °C and the 

experiments were performed with 3 µL min-1 eluent flow rate. All the eluent was 

transferred to the microdispenser without flow splitting. 

Collection of aliquots with flow-through microdispenser interface. From the 

µLC-microdispenser output, different aliquots were collected on the wells of a 

made-home microplate. In both cases 20µL of the Ag-QD SERS-active solution (at 

different pH depending on the analyte to collect: pH=8 for cytosine, pH=5 for 

xanthine, pH=4 for hypoxanthine, pH=4 for guanine, pH=6 for thymine and pH=4 

for adenine, according with study on section 3.3.1.) were placed into each well 
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before collecting the analytes from the µLC-microdispenser. Two different working 

conditions of the stage microdispenser were used. 

 – Continuous system; To obtain the maximum Raman information of the 

chromatographic separations the working conditions of the stage microdispenser 

were optimized to collect the maximum number of drops possible. For that the 

dispenser was working with a dispensing frequency of 100 droplets per second and 

the speed of the stage was fixed at 350 μm·sec-1. This program was repeated until 

the end of the chromatographic separation. Under this conditions, each peak (Δt 

~60 sec) results in 3 or 4 aliquots, and therefore, the total amount of each peak 

was divided into 3 or 4 different microplate’s wells (in each sequential well was 

collected the analyte amount corresponding to 12 sec of retention time in the 

chromatogram), allowing the representation of a 3D chromatogram. 

– Optimized system for increased sensitivity; To obtain the maximum sensitivity 

the stage microdispenser were programmed to collect the maximum amount of 

each analyte in the same microplate’s wells. The optimal working conditions for the 

microdispenser were as follows: a dispensing frequency of 100 droplets per second 

and a translation speed of 20 µm per second with a total movement of the stage of 

5 cm. 

SERS measurements. For recording of the SERS spectra the microtitler plate 

was properly positioned under the microscope lens and the laser was focused 

manually inside the solution of each well. The position of the microplate was varied 

by means of a manually controlled x,y-stage to record sequentially the SERS spectra 

from each well. In all cases spectra were recorded with a data acquisition time of 

20 s and were baseline corrected. 
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RESULTS AND DISCUSSION 

The coupling of μLC system with SERS detection is achieved by the use of a 

flow-through microdispenser. The piezoactuated flow-through microdispenser, 

which acts as interface, is capable of generating highly reproducible microdrops of 

ca. 50 pL. With the help of a fully automated set-up which incorporated a stepper 

motor driven xy-stage, these droplets were collected on the wells of a microtitler 

plate which have previously filled with the Ag-QD solution. A photograph of the 

microdispensing unit with the microtiter plate collecting the aliquots from the μLC 

column is presented in Figure 1. 

 

Figure 1. A photograph of the microdispensing unit with the microtiter plate 
collecting the aliquots from the µLC column. 
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µLC separation and dispenser-microplate collection 

Selection of eluent solvent and flow rate. The selection of the eluent was 

governed by the following consideration: (i) it should yield well-separated peaks of 

the drugs under investigation and (ii) it should not adsorb readily on the SERS-

active silver surface and thereby prevent the analyte from gathering there. 

In several previous works,5,6,42-45 the HPLC separation of this type of 

compounds is usually performed with an eluent containing approximately 20 % by 

volume of acetonitrile. But the AcN-containing eluent produces a low-intensity 

background spectrum, which can interfere with or even cover-up the SERS 

spectrum of an analyte at very low concentration. Furthermore, it has been 

reported that acetonitrile adsorbs on the silver surface and some analytes can not 

displace readily acetonitrile to interact with the silver and produce strong SERS 

signals.22 Also, some ions from the use of buffer as mobile phase can disturb the 

interaction between the analyte and the SERS-active surface. Therefore, we 

replaced acetonitrile by methanol as mobile phase although a more complex 

gradient program had to be used in order to achieve a good separation in the 

capillary-LC system. Using the simple methanol/water mobile phases, one can be 

sure that the observed vibrational bands are exclusively due to the analyte, 

because methanol is not readily adsorbed on the silver surface and no ions from 

the buffer mobile phase are presented.  

The effect of the mobile phase flow rate was also studied. It affected not only 

separation efficiency but also peak shape. The retention times of the six analytes 

were examined at flow rates of 1, 2, 3 and 4 µL·min-1. When the flow rate was 1 or 

2 µL·min-1, the detection time obviously became relatively long. Increasing flow 

rates leading to shorter retention times apart from better peak shapes, but a flow 
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rate of 4 µL·min-1 resulted in a worse resolution of the peaks. In order to obtain 

efficient separation, good peak shape and a reasonable analysis time, a 3 µL·min-1 

flow rate was chosen in the following experiments.  

Under the optimum conditions (detailed in the experimental section), the 

separation of the six studied analytes was very good. Cytosine, xanthine, 

hypoxanthine, guanine, thymine and adenine eluted at 502, 615, 868, 953, 1091 

and 1314 seconds, respectively. A typical chromatogram obtained when a standard 

mixture of 2 mg·L-1 was injected on the μLC column is presented in Figure 2. 

 

Figure 2. A typical chromatogram obtained when a standard mixture of 2 mg·L-1 
was injected on the μLC column. Peaks: 1-cytosine (502 sec), 2-xanthine (615 sec), 
3-hypoxanthine (868 sec), 4-guanine (953 sec), 5-thymine (1091 sec), 6-adenine 
(1314 sec). Absorbance detection at 260 nm. 

Dependence of the pH on the separation 

The pH of the sample was another parameter to optimize for achieving a good 

separation. For this study, a mixture standard of the six analytes was adjusted at 

different pH (between 4 and 10) and was injected on the LC system. It is well 

known that at physiological pH the predominant form of the bases is the keto form. 
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The existence of a tautomer mainly in the amino or keto form rather than in the 

imino or enol form will cause a decrease both in the extent of stacking and in the 

retention time. For that reason, the better resolution was achieved at pH between 

7-8 (close to physiological pH). At pH lower than 6, stronger stacking interaction 

took place between them resulting in poor separation. Only four peaks were 

observed in the chromatogram. Also a worse resolution was found at pH values 

higher than 8. Therefore, the pH optimum for the sample injected on the LC 

column was fixed at 7 preparing the working solutions in a phosphate buffer.  

Study of the translation speed of the microplate-stage. For this study, adenine 

was selected as model analyte, the concentration injected in μLC column was 2 

mg·L-1 (2 ng injected on column) and the dispersing frequency was fixed at 100 

droplets per seconds in all cases. As can be seen in the chromatogram of Fig 2, the 

retention time interval of adenine under the working conditions was 60 sec 

(between 1350-1410 sec). Therefore, depending on the translation speed of the 

stage, this peak results in N aliquots. When the speed was fixed at 20 μm·sec-1, the 

whole amount of adenine was collected in a single well (N=1). Increasing the speed 

the number of aliquots increased (N=2, 3, or 4), and therefore, the fraction of the 

total amount of the analyte collected in each well decreased. Three speed values 

were studied (20, 100, and 350 μm·sec-1) and a schematic graph of the fraction of 

analyte collected in sequential wells is presented in Figure 3.  

In order to obtain the maximum sensitivity in the posterior SERS detection and 

also the best repeatability, the speed was fixed at 20 μm·sec-1 to collect the total 

amount present in one peak of the chromatogram in a single well. 
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Figure 3. Graph of the fraction of adenine collected in sequential wells depending 
on the translation speed of the microplate-stage. Adenine concentration injected in 
μLC column was 2 mg·L-1 (2 ng injected on column) and the dispersing frequency 
was fixed at 100 droplets per seconds in all cases. 

SERS detection 

Dependence of the SERS spectra with the pH. The pH of the colloidal substrate 

is a critical parameter for obtaining high-quality SERS spectra. For that, the 

influence of the pH on the SERS spectra of each base was studied. The Ag-QD SERS-

active solution was adjusted at different pH between 4 and 10 and the SERS spectra 

of each analyte were recorded at the different pHs and the results are shown in 

Figure 4. As can be seen, to obtain the highest SERS intensities, the optimum pH 

was very different for each type of studied base. From this study, it could be 

concluded that the best pH of the SERS-active solution for each analyte was: pH=8 

for cytosine, pH=5 for xanthine, pH=4 for hypoxanthine, pH=4 for guanine, pH=6 for 

thymine and pH=4 for adenine. 
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Figure 4. SERS spectra of the studied analytes recorded at the different pH values. 
The selected pH value for each one is marked with . All spectra were collected 
using acquisition times of 20 seconds. 

These experimental results could be explained according with the pKa values 

of the studied bases and their tautomerism equilibrium. It has been reported that 

the pKa values of all studied compounds are lowered substantially in the presence 

of the SERS substrates.46 So that lower pH-values than originally thought according 

to their pKa have to be employed to obtain SERS spectra of neutral molecules. 

For all bases it was found that the deprotonated forms adsorbs preferably on 

the Ag-QD surface instead of the cationic or protonated forms. But depending on 

the studied base (pKa and the tautomeric equilibrium), in each one, the pH value to 
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obtain the neutral and more stable form is different. And therefore, it is different 

the pH-dependence on the SERS signal for each base was different. 

Although adenine can undergo a change from amine to an imino form, the 

amine form is strongly favored and therefore is the predominant form at any pH. 

This explains the little change observed in this base by varying the pH between 4 

and 8. In stronger acidic media, adenine undergoes protonation on the N(1) 

position rather on the amino group, and even at pH lower than 2 adenine is double 

protonated at N(1) and N(7). The adsorption of these latter protonated forms on 

the silver surface was not favored. Therefore, the highest SERS intensity was 

obtained at pH=4, so this value was selected as the optimum. Due to their similar 

purine structure, the SERS spectra of adenine, guanine, xanthine and hypoxanthine 

showed a very similar pH-dependence in that the strongest spectra were obtained 

under weak acidic conditions (pH=4 for adenine, guanine and hypoxanthine and 

pH=5 for xanthine). 

On the other hand, a different pH-dependence was observed for the 

pyrimidine bases. For pyrimidines the keto form predominates at neutral pH 

(between 6 and 8), but at alkaline pH the tautomeric equilibrium shifts to the enol 

form. At alkaline pH the hydrogen N(3) of thymine is removed, indicating the weak 

basicity of the ring nitrogen. Again it could be observed that the protonated form 

was not readily adsorbed on the silver substrate. For that, the strongest SERS 

spectra for pyrimidines were obtained under neutral pH or slightly above (pH=6 for 

thymine and pH=8 for cytosine). 

In summary, it was found that the amine and no-charged form (for adenine 

and cytosine) and the keto and no-charged form (for guanine, xanthine, 
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hypoxanthine and thymine) led to the highest SERS signals and this implies that 

they were the predominant forms present on the Ag-QD surface. 

The results found here are in agreement with conclusions in previous works. 

The majority of them concluded that the neutral forms of the nucleotic bases and 

the keto or amino tautomeric forms are adsorbs considerably more strongly on the 

silver or gold surfaces than their corresponding protonated, imino or enol forms. 

It is important to note because in some studies the Raman spectra of adenine 

and guanine are recorded at very low pH 0.2-2. They explain that the use of too 

much acid solution is due to poor solubility of adenine and guanine in a neutral 

water, and not because the Raman signals are higher at those pH values.47 

However, we did not found problems of solubility at the low concentrations used. 

In Figure 5 are shown SERS spectra of the six bases at their optimum pH after 

their separation and collection with the LC-microdispenser-microplate system. 

Analytical features 

The analytical features of the proposed µLC-SERS method regarding linearity, 

sensitivity, limits of detection (LOD) and quantification (LOQ) and precision were 

obtained and evaluated (see Table 1). For this purpose different mixture standards 

of the six bases from 0.1-10 mg·L-1 were analyzed following the total procedure: 

chromatographic separation, microdispenser interfase-microplate collection and 

finally SERS detection. Calibration graphs were constructed by plotting the Raman 

intensity of the selected peak for each analyte versus the concentration injected on 

the LC column in mg·L-1. The bands corresponding to the ring breathing mode were 

used as analytical signal because they are the most intense and characteristic for 

these analytes. They are as follows: 735 cm-1 for adenine, 653 cm-1 for guanine, 660 
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cm-1 for xanthine, 730 cm-1 for hypoxanthine, 802 cm-1 for cytosine and 737 cm-1 for 

thymine. 

 

 

Figure 5. SERS spectra of the six bases at their optimum pH after their separation 
and collection with the LC-microdispenser-microplate system. All spectra were 
collected using acquisition times of 20 seconds. 

It is important to note that the SERS spectra of the analytes under study were 

similar at different concentration levels. The shape of the Raman spectra was not 

concentration dependent and only the intensity of the bands was affected. 

The LOD and LOQ were calculated from the standard deviation of five 

independent analysis at a concentration level of 2.5 mg·L-1 divided by the analytical 

sensitivity (slope of the calibration equation) and multiplying by 3 or 10 for LOD 

and LOQ, respectively.  
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The repeatability of the total procedure was tested by the analysis of replicate 

analysis of 2.5 mg·L-1 mixture standard (n=5). The relative standard deviations (RSD) 

were between 3.0-6.3 % as a function of the studied base, which is quite 

satisfactory to provide both identification and quantitative analysis capability. 

In Figure 6 is depicted the 3D LC-SERS chromatogram obtained using the 

conditions described in section 2.4. The concentration injected in column was 5 

mg·L-1 (5 ng injected on column) of each analyte. 

 

Figure 6. 3D SERS chromatogram obtained from a 5 mg·L-1 mixture standard 
injected in the μLC column. The speed of the stage was fixed at 350 μm·sec-1. Each 
analyte was collected on wells filled with 20µL of the Ag-QD solution at different 
pH according with the strongest interaction of each analyte (pH=8 for cytosine, 
pH=5 for xanthine, pH=4 for hypoxanthine, pH=4 for guanine, pH=6 for thymine 
and pH=4 for adenine). 



 

 

 

 

 

            Table 1. Analytical features of the µLC-SERS method for the six nucleotic bases. 

 
Cytosine Xanthine Hypoxanthine Guanine Thymine Adenine 

Retention time (sec) 502  615 868  953 1091 1314 

Analytical Signal 
Raman Intensity 

(802 cm
-1

) 
Raman Intensity 

(660 cm
-1

) 
Raman Intensity 

(730 cm
-1

) 
Raman Intensity 

(653 cm
-1

) 
Raman Intensity 

(737 cm
-1

) 
Raman Intensity 

(735 cm
-1

) 

Regression equation y = 2230x – 17 y = 3456x – 18 y = 19116x – 54 y = 3463x – 50 y = 3445x – 586 y = 18208x – 61 

Lineal Range (mg·L-1) 1.0 – 10 0.9 – 10 0.7 – 2.0 0.8 – 10 0.95 – 10 0.67 – 2.5 

Linearity (R²) 0.991 0.996 0.999 0.996 0.998 0.998 

LOD (mg·L-1)  0.30 0.27 0.21 0.24 0.29 0.20 

LOQ (mg·L-1)  1.0 0.90 0.70 0.80 0.95 0.67 

RSD (%)  
6.3 4.7 4.1 4.4 3.0 3.5 
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CONCLUSION 

In this contribution, we demonstrated the successful coupling of a capillary-LC 

system with SERS spectroscopy for the separation, identification and quantification 

of the six nucleotic bases. 

Following the proposed methodology is very simple to record the SERS spectra 

of each analyte at its pH-best value. The Ag-QD SERS-active solution can readily be 

adjusted at a fixed pH in order to obtain the maximum SERS enhancement for each 

analyte. The strategy was to fill each well of the microtiter plate with the substrate 

solution previously adjusted to a certain pH value and different pH values along the 

microplate’s wells according with the elution order of the analytes and the 

optimum pH for each one. This requires prior knowledge of the order of elution of 

compounds and therefore the well’s number in which will be collect each analyte 

under the working conditions. 

An important advantage of the colloidal dispersion over the solid substrates is 

the resistance to damage caused by laser irradiation, which is ensured by the 

continuous agitation of the colloidal particles in the aqueous environment. Another 

advantage is that carrying out measurements in solution rather than on a solid 

SERS-substrate leads to higher reproducibility and precision.  

It should be emphasized that in case of needing lower detection limit but 

inequivocal identification using the SERS spectra two alternative approaches could 

be used: (1) collecting the analytes output from the LC column in microtiter plates 

with a lower volume of the colloid solution, or (2) collecting aliquots of the analyte 

from sequential chromatographic runs in the same well of the microtiter plate. In 

both cases, a higher pre-concentration could be achieved. 
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Therefore, it has been demonstrate that the most common analytical 

technique (HPLC-UV) for determining nucleotic constituents can be implemented 

with SERS detection to obtain an additional unique and reliable identification 

method (μLC-UV-SERS). 
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With the global surge of terrorism and the increased use of bombs in terrorist 

attacks, national defence and security departments demand techniques for quick 

and reliable analysis, in particular, for detection of toxic and explosive 

substances. 

One approach is to separate different analytes and matrix material before 

detection. In this work micro-liquid chromatography was used to separate two 

dinitrotoluene (DNT) isomers prior to detection via online UV-Vis spectroscopy. 

For identification, retention times were compared with reference samples and 

quantification was done by integration of UV-Vis absorption. As UV detection is 

not particularly selective, Raman microscopic analysis was coupled to the liquid 

chromatography using a flow-through microdispenser. As DNT is difficult to 
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detect with conventional Raman spectroscopy the sensitivity was increased via 

surface enhanced Raman scattering (SERS) using silver-quantum dots. 

Different analytical approaches to identify and quantify mixtures of two DNT 

isomers were evaluated. Good quantitative results were obtained using UV 

detection after micro-chromatographic separation. Coupling with SERS allowed 

for more confident differentiation between the highly structurally similar DNT 

isomers due to the additional spectral information provided by SERS. The 

application of a Partial Least Square (PLS) algorithm also allowed direct SERS 

detection of DNT mixtures, circumventing the time consuming separation step 

completely. 
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INTRODUCTION 

With the surge of terrorism and the increased use of bombs in modern 

terrorist attacks, the detection of explosives has become an important task for 

National Defense and Security departments worldwide. The development of new 

devices capable of rapidly and cost-efficiently detecting explosives has become an 

urgent necessity [1]. Various physical methods, such as gas chromatography coupled 

with a mass spectrometer, nuclear quadrupole resonance, energy-dispersive X-ray 

diffraction as well as electron capture detection have been used for this purpose [2-

5]. Among explosives of interest, 2,4-DNT and 2,6-DNT are two of the six isomeric 

forms of the compounds called dinitrotoluene (DNT). DNT is used in the production 

of landmines and is a product of degradation and an impurity in the synthesis of 

2,4,6-trinitrotoluene (TNT).  

The most widely used analytical method for the determination of explosives is 

8330 (promulgated by the United States Environmental Protection Agency) which 

analyzes samples using reverse phase high-performance liquid chromatography 

(HPLC) with UV detection [6]. A comparison of the retention times with those 

previously determined from reference samples can provide evidence for the 

chemical identity. The quantification of the component can be achieved by 

integration of the UV–Vis absorption at an appropriate wavelength and by 

comparing the areas obtained for sample and for references of known 

concentration. 

However, UV detection is not particularly selective and is not always sufficient 

to uniquely identify fractions separated from complex matrices. Consequently 

other detection/identification techniques such as vibrational spectroscopy, which 
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provides detailed structural information, have to be incorporated. In this context, 

there is an obvious need to couple identification techniques such as Fourier 

transform infrared (FTIR) and Raman spectroscopy (RS) to liquid chromatography 

(LC). The hyphenated systems created provide structural details complementary to 

those of LC-UV detection. Therefore, LC-RS can be thought of as a complementary 

detection technique to LC-UV with the additional advantage of being able to 

identify and differentiate between highly structurally similar compounds (e.g. 

isomers). Furthermore, its non-destructive character facilitates use in sequence as 

well as coupling with other more sensitive detection schemes.  

Unfortunately, DNT and similar classes of compounds are usually not detected 

by conventional Raman measurements [7] but this lack of sensitivity can at least 

partly be overcome by using a more sensitive variant-surface enhanced Raman 

spectroscopy (SERS) which can potentially reach LODs on the ppb level or even 

single molecule level [8]. With the aid of metallic nanostructures, Raman scattering 

signals of probed molecules within highly localized optical fields of metallic 

structures can be enhanced by 103 to 106-fold due to the effects of electromagnetic 

field and chemical enhancement [9-11]. Moreover, the adsorption of molecules on 

the SERS-active metal surface results in fluorescence quenching in highly 

fluorescent compounds. In many cases, interference due to background solvent 

bands is also less likely to occur for SERS than compared to normal Raman 

spectroscopy. Not only increased sensitivity but also improved selectivity can be 

achieved with SERS [12]. The use of the recently reported “silver-quantum dots” 

colloid as SERS substrates is especially promising, considering its high Raman 

enhancement. The significant SERS enhancement is associated with the effect of 

resonance coupling between neighboring nanoparticles localized on the pores (hot 
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spots) of their particular sponge morphology. The potential of this substrate has 

already been demonstrate for the detection of different kinds of analytes, from 

pesticides to nucleotic bases. 

In liquid chromatography there is a clear trend toward miniaturized separation 

systems such as capillary and nano-HPLC systems. This development is of 

importance for infrared and Raman detection because a significant increase in 

sensitivity of infrared and Raman detection is possible when moving from normal 

bore HPLC columns to the miniaturized versions. The capillary-LC technique is 

characterised by lower flow rates (of the order of 3 µL·min-1), better efficiency, a 

lower required amount of the sample and lower dead volume of the system, 

enabling the use of a higher portion of the eluting sample.  

On the other hand, reproducible placement of the analytes eluting from the 

chromatographic column on the substrates presents a problem. This problem has 

been successfully solved using a flow-through microdispenser as an interface 

between micro-LC and Raman, as well as IR spectroscopic detection, in previous 

work [13].  

The objective of this study was to develop a new approach for the detection 

and quantification of two isomers of dinitrotoluene (2,4-DNT and 2,6-DNT) by the 

SERS methods combined with the recently reported “Ag-QDs” SERS-active 

substrate. The coupling of µLC-UV with SERS is presented for the separation of the 

two isomers followed by the quantification and identification using two different 

detection methods. A third technique which circumvented the chromatographic 

separation step was also evaluated. Therefore, SERS spectra of physically 

unseparated mixtures of the two isomers were recorded. The separation was done 

mathematically employing a Partial Least Square (PLS) regression. 
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EXPERIMENTAL 

Reagents and materials 

All chemical reagents were of analytical grade and used as purchased with no 

additional purification. Cadmium oxide (99.99%), trioctylphosphine oxide (TOPO, 

99%), trioctylphosphine (TOP, 90%), selenium (powder, 100 mesh, 99.99%), 

diethylzinc solution (ZnEt2, 1 M in hexane), bis(trimethylsilyl) sulphide ((TMS)2S), 

anhydrous methanol and anhydrous chloroform were purchased from Sigma 

Aldrich (Madrid, Spain). Hexylphosphonic acid (HPA) was obtained from Alfa Aesar 

(Karlsruhe, Germany). Methanol (HPLC grade), silver nitrate (99.5%) hydroxylamine 

hydrochloride (98%) 2,4-dinitrotoluene (2,4 DNT, 97%) and 2,6-dinitrotoluene (2,6 

DNT, 99.4%) were purchased from Sigma Aldrich (Schnelldorf, Germany). 

Stock solutions of the two DNT isomers (1000 mg·L-1) were prepared in 

acetonitrile and stored at 4 ºC. Diluted standards were prepared from these 

solutions by appropriate dilution in distilled water. 

The SERS colloid used consisted of a Silver-Quantum dots solution (Ag-QD) 

which has already been demonstrated to be a very active and reproducible 

substrate for SERS measurements. Briefly, it was prepared by reducing of Ag(I) to 

Ag(0) in presence of ZnS-capped CdSe QDs previously dispersed with 

hydroxylamine as stabilizing agent. Then, the SERS-active substrate was prepared 

by filling 20µL of the Ag-QD colloidal solution into each well of a home-made 

microtiter plate. The microplate consisted of a teflon plate with conical wells in a 

line. The size of each well was 3 mm in diameter and 3 mm in depth and the 

distance between wells was 0.5 mm. 
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Instrumentation  

The µLC-UV chromatographic system consisted of an Ultimate 3000 Dionex 

with a 1 µL injection loop and a C18 Acclaim PepMap (300 µm ID x 15 cm, 3 µm, 

100 Å) separation column from Dionex. The column was kept at 25 °C and the 

experiments were performed with 3 µL·min-1 eluent flow rate. For the separation, 

methanol was used as solvent A and deionized water was solvent B and the 

following gradient program were used: 0 min 50% A, 15 min 80% A, 20 min 80% A, 

22 min 50% A, 30 min 50% A. All the eluent was transferred to the microdispenser 

without flow splitting. The UV–vis detector (Ultimate UV detector, LC Packings, 

Dionex) was set at 245 nm and placed just before the microdispenser interface. An 

in-house developed program based on LabVIEW 8.5 software (National 

Instruments, Austin, USA) was used to control the UV spectrometer and register 

the chromatograms.  

The flow-through microdispenser interface is a micro-liquid handling device 

formed by two conventionally micromachined silicon structures. The dispenser was 

driven by a dc power supply (HGL 5630 DLBN) together with a computer controlled 

arbitrary waveform generator (Agilent 33120A, Agilent Technologies, Palo Alto, CA) 

which provided an electronic pulse with defined amplitude (15 V). A computer 

controlled x,y-stage (Newport THK, Compact Linear Axis) with step sizes of 5 µm 

and a maximum distance range of 90 mm × 40 mm was implemented in the 

dispensing unit. The connection between the microdispenser and the µLC column 

was via a fused silica capillary (i.d. 50 µm, o.d. 364 µm, and 40 cm long). All the 

computer controlled components of the microdispensing unit were operated via an 

in-house-written MS Visual Basic 6.0 (Microsoft) based software program 

(Sagittarius, Version 3.0.25) working under Windows NT. The optimal working 
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conditions for the microdispenser-stage unit were as follows: it waited for 950 s 

before a quick movement of 3 mm at 2000 µm per second followed by a stop of 40 

s with a dispensing frequency of 100 droplets per second, this cycle was repeated 

five additional times. 

Raman measurements were acquired with a confocal Raman microscope 

(LabRaman, Horiba Jobin Yvon Ltd., Bensheim, Germany) using a 633 nm laser line 

and a charge coupled device (CCD) detector with 1024x256 pixels. A grating with 

600 grooves/mm, a confocal aperture of 500 µm and an entrance slit of 100 µm 

were selected for the experiments. A 10x microscope objective was used to focus 

the laser beam (20 mW) on each well of the microtiter plate. In all cases spectra 

were recorded with a data acquisition time of 20 s and were baseline corrected. 

RESULTS AND DISCUSSION 

µLC separation and UV detection (µLC-UV) 

Mobile phases of water–acetonitrile and water–methanol modified with 2-

propanol or formic acid were tested for separation of 2,4-DNT and 2,6-DNT. For 

each mobile phase, the modifier proportion and the eluent program were varied in 

order to find optimal separation conditions. For many conditions tested the two 

analytes coeluted or showed poor resolution. The best resolution (Rs = 0.8) was 

achieved with mobile phase water–methanol and the following gradient program: 

50% methanol at 0 min, 80% methanol at 15 min, 80% methanol at 20 min, 50% 

methanol at 22 min and 50% methanol at 30 min. The flow rate was 3 µL·min-1 and 

UV detection was performed at 245 nm. The resolution (Rs) was calculated as:             

Rs = 2(t2 – t1)/(w2 + w1), where t2 and t1 are the retention times of the isomers and 

w2 and w1 are the corresponding peak widths at the baseline. Figure 1 shows a 
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typical chromatogram of the two isomers recorded by absorbance detection at  

245 nm when a standard solution of 30 mg·L-1 (30 ng injected in column) for each 

analyte was injected. 

 

Figure 1. Chromatogram obtained after injecting a mixture of standard solution of 
the two DNT isomers at 30 mg·L-1. Peaks: 1=2,6-DNT (tr=17.4 min); 2=2,4-DNT 
(tr=17.9 min). Conditions: water-methanol (gradient program), 3 µL·min-1. 
Detection wavelength: 245 nm. 

The analytical features of the µLC-UV method in terms of sensibility, limits of 

detection (LOD) and quantification (LOQ) and precision were studied and the data 

are presented in Table 1. Calibration graphs were constructed by plotting the peak 

areas of each isomer, measured at 245 nm, versus the concentration injected in 

column. The LOD and LOQ were calculated from the standard deviation of seven 
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measurements of the peak area at a concentration level of 20 mg·L-1 divided by the 

analytical sensitivity and multiplying by 3 or 10 for LOD and LOQ, respectively. 

Table 1. Comparison of evaluation parameters of the three methodologies studied:   
(1) µLC-UV, (2) µLC-(microdispenser)-SERS, and (3) SERS-multivariate PLS for the 
determination of the two DNT isomers. 

 µLC-UV µLC-(microdispenser)-SERS 

 2,6-DNT 2,4-DNT 2,6-DNT 2,4-DNT 

Retention time (min) 17.4  17.9 17.4  17.9 

Analytical Signal 
Absorbance             

(245 nm) 
Absorbance 

(245 nm) 
Raman Int. 
(2950 cm-1) 

Raman Int. 
(2950 cm-1) 

Regression equation y=0.192x+0.096 y=0.251x+0.01
5 

y=761.5x+0.2 y=488.0x+0.7 

Linearity (R²) 0.997 0.997 0.996 0.988 

LOD (mg·L
-1

)
 0.11 0.06 0.51 0.54 

LOQ (mg·L
-1

) 0.37 0.20 1.70 1.82 

RSD (%)
 2.8 1.6 3.7 3.8 

 

µLC separation and SERS detection (µLC-microdispenser-SERS) 

Microdispenser-microplate collection 

The chromatographic separation was transferred into a microplate via a flow-

through microdispenser. With the help of a fully automated xy-stage, the eluent 

from the column was collected in the wells of a home-made microtiter plate. The 

working conditions of the microdispenser-stage were adjusted in order to collect 

the total amount of each analyte in separate, individual wells. A schematic picture 

of the fraction collected in each well is presented under the chromatogram in 

Figure 1.  
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SERS measurements        

To prepare the SERS-substrate 20 µL of the Ag-QD solution were placed into 

each well of the microplate before collecting the analytes from the µLC-

microdispenser. The SERS spectra shown in Figure 2 were recorded using an 

injected concentration of 40 mg·L-1 of each analyte. With an injection volume of 1 

μL, without flow column splitting and using a high dispersing frecuency of the 

microdispenser, it was considered that the total amount of each analyte injected in 

the μL column was collected in the microplate. After the dilution in the Ag-QD 

solution, the final concentration measured in this case was 2 mg·L-1.  

The Raman spectra of the studied analytes in solution could only be recorded 

using the silver-quantum dot colloidal solution. Without the enhancement 

associated with the nanoparticles, Raman signals in solution were not obtained. 

Alternatively, when using silver colloidal solution (prepared by Leopold-Lendl 

method) SERS signal could only be observed at high analyte concentration and 

signal was still weak. Therefore, the large Raman enhancement of the Ag-QD 

solution was necessary in order to obtain good signals for SERS detection of the 

two DNT isomers in solution. As can be seen in Figure 2, the SERS spectra of the 

two isomers are, of course, rather similar, but several spectral significant 

differences were observed. 

The methodology µLC-(microdispenser)-SERS was also evaluated in terms of 

sensitivity, limits of detection (LOD), quantification (LOQ) and precision and the 

results obtained are summarized in Table 1. For these evaluations, different 

concentrations were used and five independent solutions of 40 mg·L-1 were 

analysed using the whole µLC-(microdispenser)-SERS procedure. The analytical 

signal used was the Raman intensity at 2950 cm-1. Calibration graphs were 
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constructed by plotting the Raman intensity of the selected peak versus the 

concentration injected in the µLC. 

 

Figure 2. SERS spectra of the two DNT isomers after their separation by µLC.                
The concentration of the standard injected in the µLC column was 40 mg·L-1.                 
After dilution in the Ag-QD solution, the final concentration measured was 2 mg·L-1. 

SERS detection and PLS data treatment (SERS-multivariate PLS) 

Whereas the two previous methods necessitate analyte separation via µLC, the 

direct detection with SERS circumvents the time consuming preparation step, 

thereby increasing the sample throughput. 

The weak DNT Raman signal was amplified by SERS, leading to spectral data 

quality sufficient for quantification. The spectral profile of both isomers was 
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relatively similar (Fig. 2) necessitating further data treatment to separate 2,4 DNT 

and 2,6 DNT signals. For this multivariate calibration, a Partial Least Square (PLS) 

algorithm (OPUS 6.5; Bruker, Germany; Quant 2 method) was employed. The 

calculated model was based on a training set of 34 different isomer mixtures, 

ranging from 0 to 40 mg·L-1. The training set spectra, between 300 and 3000 cm-1 

were incorporated into the model without any prior processing steps. To validate 

the model 20 different DNT mixtures were prepared. The determination coefficient 

(R2), the Root Mean Square Error of Estimation (RMSEE) the Root Mean Square 

Error of Prediction (RMSEP) and the Residual Prediction Deviation (RPD) were 

calculated to determine the quality of the multivariate calibration. 

The summarised results of the multivariate calibration of 2,4 DNT and 2,6 DNT 

in Table 2 show that the Residual Prediction Deviations (RPD) are in the range of 

10 %. The values for the validation set are only slightly elevated from those of the 

test set which confirms the validity of the calculated model. 

Table 1. Validation of multivariate PLS model; Determination coefficient (R2), the Root 
Mean Square Error of Estimation (RMSEE), the Root Mean Square Error of Prediction 
(RMSEP) and the Residual Prediction Deviation (RPD) are listed for the training set and 
the validation set. 

 Training Set Validation Set 

 2,6-DNT 2,4-DNT 2,6-DNT 2,4-DNT 

Analytical Signal Full Raman spectra Full Raman spectra 

Determination 
coefficient R2 

98.79 98.59 99.43 98.99 

RMSEE (mg·L-1) 1.54 0.854 - - 

RMSEP (mg·L-1) - - 0.070 0.738 

RPD (%) 9.09 8.42 13.4 9.98 
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Comparison 

When comparing the three methods for detection of 2,4- and 2,6-DNT the best 

figures of merit are achieved with online UV detection. Compared to SERS 

detection after µLC separation, online UV detection leads to a LOD and a LOQ 9 

times better for 2,4-DNT and 4.6 times better for 2,6-DNT. The most important 

benefit of SERS detection lies in the spectral information gained. Whereas UV 

detection at specific wavelength requires previous knowledge of the substances, 

SERS detection adds structural information. Therefore, in addition to quantitative 

information, identification of analytes can be achieved. Due to the spectral features 

measured via SERS multivariate analysis is also possible. This means that no µLC 

separation is needed prior to detection. The isomers are analysed simultaneously 

and the spectral information is separated mathematically. The established 

multivariate model leads to Residual Prediction Deviations (RPD) of 9.98% for 2,4-

DNT and 13.4% for 2,6-DNT. The higher error is compensated by a much greater 

sample throughput due to the circumvention of the relatively time consuming µLC 

separation. 

If a high sample throughput is not the primary aim the combination of µLC with 

online UV detection and additional SERS detection leads to good quantitative 

results as well as to additional structural information. Depending on the specific 

situation one can choose which of the three methods discussed meets the specific 

requirements best. 
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CONCLUSION 

The enormous potential of combining different analytical approaches, i.e., µLC-

UV, µLC-SERS and SERS-PLS, for the analysis of DNT isomers has been 

demonstrated. These combinations of techniques provided good quantitative 

results as well as additional structural information.  

Two especially important aspects in this work were the use of a flow-through 

microdispenser as interface between a micro-LC and a Raman microscope, and the 

type of SERS substrate employed for generating SERS spectra. Without such 

robustness, SERS detection will not gain widespread acceptance in a combined 

system for analytical chemistry. Although the µLC-SERS methodology did not 

achieve lower detection limits compared to µLC-UV, the SERS spectra provided 

additional structural information. Therefore, the µLC-SERS approach is a 

complementary detection technique to µLC-UV to confirm the identification of 

studied analytes and to differentiate between isomers which tend to co-elute in 

chromatographic separations. 

In addition, thanks to the high sensitivity and reproducibility achieved in SERS 

measurements with the “Ag-QDs” colloid, it was possible to circumvent the 

chromatographic separation step and resolve mixtures of the two isomers by 

employing PLS regression, which resulted in a significant reduction of measurement 

time required.  
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The main results of the basic and applied research developed on this Thesis are 

summarized in this part according to the internal requirements for PhD Thesis 

posed by University of Córdoba. Because of the structure of the Thesis is based on 

a compilation of articles, it is almost impossible to avoid repetitions, but we have 

tried to minimize such problem. To this end, we divide this block of the report in 

four sections. First, we summarize and discuss the most significant results achieved 

(VII.1), second, we include a list of the specific conclusions of each article (VII.2), 

then we discuss the future research lines (VII.3), and finally we perform a self-

assessment of the thesis discussing both their strengths and weaknesses (VII.4). 

VII.1. GLOBAL DISCUSSION OF THE RESULTS ACHIEVED 

1.1. General overview of the contributions of this Thesis 

This Thesis has focused mainly on studying the symbiosis between the 

Quantum Dots and Analytical Chemistry in its nanotechnology area. An integrated 

overview of the main parts (blocks) of the present Thesis is shown in Figure VII.1-1. 

The structure of the doctoral work is divided into two main research lines according 

to the role played by Quantum Dots, namely: (1) as target analytes and, (2) as tools 

in analytical processes. 

(1) With respect to the QDs as analyte, their detection, characterization and 

quantification in different types of samples, especially on environmental ones, 

arises today as an urgent necessity given the rapid expansion of such nanoparticles 

in research and its future incorporation into commercial applications. Moreover, 

the development of methods for the purification of the QDs after their synthesis, 

separation of them according to their size and the characterization of the different 
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parameters of the QDs, are essential requirements when working with QDs and 

with the aim of becoming important tools of technology. 

 

Figure VII.1-1. Integrated overview of the main parts of the Thesis. 

Since fluorescence is the most widely used technique for characterization of 

QDs, it is essential to a thorough knowledge of the dependence of the emission of 

fluorescence with the photoactivation phenomenon that occurs when using this 

type of nanoparticles. For this reason, this is the first issue addressed in the 

characterization part of this report. 

Regarding the potential of capillary electrophoresis when the QDs are 

considered analytes under analysis, it is an effective tool both for the separation of 

free QDs and for the purification of QDs conjugated biomolecules. With other 
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separation techniques such as high performance liquid chromatography (HPLC) or 

size exclusion chromatography (SEC), the resolution values achieved are not high 

enough to allow separation of QDs of different sizes. Some capillary gel 

electrophoresis (CGE) methods have been developed with the addition of polymers 

or other additives to the electrophoretic buffer to achieve the separation of QDs, 

but in no case reach the resolution achieved with capillary zone electrophoresis 

(CZE). Despite the high potential and resolution power of CE, a major limitation is 

the strong tendency of QDs to aggregate together. Thus, a prior sample 

preparation step is essential for subsequent electrophoretic analysis. In part 

related to the above, another major drawback is its insolubility in both aqueous 

media and common organic solvents, making it necessary to carry out additional 

procedures of solubilization/dispersion/functionalization. These issues have been 

addressed in this report selecting as model the electrophoretic separation of 

different-sized CdSe QDs functionalized non-covalently by means of coating with 

surfactant mixtures. The problems of solubilization/dispersion are resolved 

precisely with the strategy of derivatization with surfactants. 

(2) Considering QDs as tools, we can distinguish different uses of QDs in the 

analysis processes according to the unique property of QD exploited in each case. 

The fluorescence of the QDs is the property most exploited to date and so there 

are many examples in the literature of analytical methods based on the character 

of the QD luminescence. 

Following this line, new fluorescent methods based on the use of QDs are 

developed in this report, but some innovative or interesting aspect is introduced in 

all of them. They are for example, the use of QDs as cofactors of enzymatic 

reactions, the possibility of synthesizing a chiral QD, the use of supramolecular 
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interactions (calixarene-fullerene) to achieve selective recognition by the QD, the 

extrapolation of the classical Jaffé reaction between creatinine and nitroaromatic 

compounds on the surface of the QD, and the combination of QDs with ionic liquids 

for use in drop microextraction systems. 

Using the reducing character of the QDs, we introduce the use of QDs in the 

previous stages of sample treatment rather than be used as detection systems. So 

in this report, two methods of analysis based on the use of QDs as reducing agents 

of the target analyte are developed. We also introduce several innovations such as 

the immobilization of QDs in a syringe filter and the possibility of carrying out redox 

reactions in organic media. 

Finally, we exploit the potential of hybrid nanoparticles or nanostructures with 

QDs based on the new or improved property resulting from the formation of the 

hybrid. In this field, we evaluate the synergic effect on the properties of the QD 

joined to another QD to form assembled QDs, the growth of QDs on the walls of a 

CNT to exploit the combination of the individual properties of each component in 

the hybrid QD-CNT, and the effect on the SERS signal after the incorporation of QDs 

to silver to form Ag-QD nanostructures. 

1.2. Results and discussion 

The research developed in this Thesis has been focused in two main objectives: 

i) to improve the knowledge about QDs and their use in analytical chemistry. 

ii) to propose new analytical methodologies based on the use of QDs. 

Below we present a summary of the main achievements obtained as well as a 

critical discussion of the obtained results. 
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 Regarding the first objective, two important aspects of the characterization of 

QDs such as the photoactivation process of QDs and, the separation and 

characterization of different-sized QDs have been studied. 

 QDs have been widely used to develop optical sensors. However, one 

important aspect to be taken into account is their photoactivation. It is the process 

that transforms non-fluorescent QDs in fluorescent nanoparticles when they are 

irradiated with UV/Vis light. In this regard, we have observed the following aspects: 

- QDs synthesized in a surfactant medium TOPO/TOP do not present 

fluorescence after purification. It is necessary their photoactivation for most 

analytical applications based on their fluorescence. 

- The photoactivation requires the presence of oxygen in the medium. 

However, high concentrations of oxygen produce their oxidation leading to non-

fluorescent nanoparticles. 

- In addition to an increase of fluorescence intensity, and thus an 

improvement of quantum yield, the photoactivation process is also accompanied 

by spectral shifts toward shorter wavelengths in both absorption and fluorescence 

emission. 

- The fluorescence of photoactivated QDs decreases with time. This effect has 

been observed with QDs saved in dark in both organic and aqueous medium. 

However, after a new process of photoactivation (re-photoactivation), it is possible 

to recover the fluorescence demonstrating partial or complete reversibility of the 

process. Moreover, the reversibility of photoactivation process depends on the 

medium and atmosphere conditions. Only when the QDs are in non-polar solvent 

(i.e. hexane) and in dry and inert atmosphere, the PL intensity is recovered 
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completely after continuous cycles of illumination-darkness. In all other cases (in 

aqueous solution and/or in presence of oxygen), the photoactivation is not 

completely reversible. In the schematic Figure VII.1-2, we show the behavior of QDs 

in different conditions subjected to several illumination-darkness.  

 

Figure VII.1-2. Schematic overview of the reversibility of photoactivation process 
of QDs in different mediums and atmospheric conditions after continuous cycles 
of illumination-darkness. 

 

Figure VII.1-3. Photoactivation data of cysteine-capped CdSe(ZnS): A1) Effect of 
photoactivation time on the intensity fluorescence, and A2) Comparison of 
photoactivation in fresh and desactivated QDs. 



 VII.1. Global discussion of results 

 

653 

 

- In general, QDs in organic solvents present higher fluorescence than those 

obtained for the same concentration of QDs in aqueous medium. This phenomena 

has been observed in QDs dispersed in SDS, as well as QDs functionalized with 

cysteine, mercaptoacetic acid, creatinine, and colistin. Figure VII.1-3 shows the 

experimental data of photoactivation and re-photoactivation process for cysteine-

QDs. 

- It is clear that fluorescence of QDs depends on many variables such as the 

synthesis and purification protocol, photoactivation process, concentration of 

nanoparticles, funtionalization and the medium. 

- The stability of QDs in organic solvent is better than in aqueous medium. 

Therefore, the best way to kept stable the QDs is in an organic solvent (e.g., 

chloroform, hexane or toluene) and in the dark. In these conditions, the QDs are 

stable for many months or even years. 
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 In addition to fluorescence, it is also important for many applications to have 

an accurate protocol for the determination/characterization of QDs which provides 

information about size and their distribution. From the fluorescence emission 

spectra of QDs, it is possible to know the average size from the maximum of 

emission and the distribution of nanoparticles from the bandwidth of the emission 

profile. However, when we have a mixture of different distributions is not possible 

to resolve the composition in a simple way. For this purpose, it has been developed 

a capillary electrophoresis (CE) method. The method is based on the separation of 

QDs having a well-controlled solubilization layer composed of TOPO/TOP on the 

QDs surface, and a second layer of SDS surfactant molecules interacting with the 

aliphatic chains of TOPO/TOP molecules.  

Compared with the information provided by fluorescence spectroscopy and 

HTEM images, it has been determined that the CE method can provide the same 

information from the migration time and the width of the peak. Such correlations 

have been carried out from the spectral and electron microscope data obtained 

from individual distributions of QDs. 

When four narrow distributions of different-sized QDs having average sizes of 

3.1, 3.6, 4.3, and 4.9 nm were mixed, it was difficult to obtain such information. 

However, by CE it was possible to resolve in a single run the four distributions. 

Compared with other CE methods, we have observed that the interaction among 

nanoparticles was negligible. In general, an important shortcoming of CE methods 

for the separation of NPs is limited by the formation of aggregates in the 

electrophoresis system due to the strong interaction between NPs. In our case, the 

introduction of the first TOPO/TOP layer was critical to avoid this shortcoming. In 

fact the same CE electropherogram was obtained by mixing the four distribution of 
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QDs previously to the solubilization/dispersion procedure than by mixing the 

different distributions of QDs after solubilization/dispersion, as can be seen in 

Figure VII.1-4. 

 

Figure VII.1-4. (A) CE separation of a mixture of three distributions of QDs 
solubilizated/dispersed individually before their mixing; (B) CE separation of a real 
mixture of three distributions of QDs solubilizated/dispersed after their mixing. 
S1, S2, and S3 are each narrow distribution of QDs. 

Under the optimal working conditions, we were able to separate QDs that 

differ in  only 0.5 nm in diameter and 19 nm in fluorescence emission maximum, 

which is the best resolution achieved in the  analysis of these kinds of nanoparticles 

so far. 
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It is clear that the CE characterization of QDs requires of standards. However, 

to control for example difference batch to batch in synthesis is easy to make it by a 

simple comparison of the electropherogram. In this way, it is important to remark 

the high precision between different analyses achieved in the migration time. The 

RSD values for the migration times of the different-sized QDs varied from 0.9% to 

1.6%. 

It is also important to note that the separation of QDs by CE has clear 

advantages over other methodologies. These advantages are shown in Figure VII.1-

5. 

 

 

Figure VII.1-5. Advantages of the capillary electrophoresis for the analysis of QDs. 
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 The second main objective of the Thesis was the developing of new analytical 

strategies based on the use of QDs. The experimental work conducted to this end 

has focused to take advantage of QDs from different points of view, expanding its 

potential application in combination with different analytical techniques, and not 

limiting their use to simple passive fluorescent markers. This global vision of the 

QDs in the field of analytical chemistry has been discussed in depth in the review 

contained in Chapter 1.  

The characteristics of the QDs investigated in this thesis were: i) fluorescent 

properties, ii) redox properties, and iii) new properties resulting from their 

combination with other nanoparticles. Here we discuss briefly the results obtained 

taking advantage of these different properties. 

 Fluorescent properties. There is no doubt that QDs have exceptional 

fluorescence properties which are susceptible to be exploited for the development 

of optical sensors. To develop optical sensors the following aspects must be 

realised: 

- QDs must be functionalized with a double objective. One is to be soluble in 

the measuring medium, and the second is to introduce (bio)elements of selective 

recognition of the analyte. 

- The functionalized QDs must be fluorescent after UV/Vis irradiation 

(photoactivation). 

- After photoactivation, the fluorescence of QDs must be stable during the 

time required for the analytical application. 

- The immobilization of the (bio)element of recognition on the QD surface is a 

critical step, since their affinity or binding function must be preserved. 
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- The interaction of the analyte with the (bio)element of recognition must 

produce a change in the initial fluorescence of QDs. This change can be 

fluorescence quenching or enhancement after the analyte—functionalized-QD 

interaction. Fluorescence quenching is the most usual process observed, usually 

involving fluorescence resonance energy transfer (FRET) or photo-induced electron 

transfer (PET). In fluorescent enhancement, creation of a new radiative center on 

the QD surface or suppression of the non-radiative path after analyte interaction 

are thought to be the main mechanisms. Nevertheless, both behaviors can be 

equally used for analytical sensing. 

- The interaction between the (bio)element of recognition on the QDs surface 

and the analyte must be as selective as possible as possible and sensitive to small 

amounts of analyte. 

Due to these requirements, most of the applications described in the literature 

are based on the use of antibodies and oligonucleotides to introduce the selective 

interaction with the analyte, and because they are readily available and the binding 

reactions have undergone extensive analysis at the molecular level. In this Thesis 

we have studied different approaches which are itemized below: 

 Functionalization of QDs with NAD+ cofactor to study enzymatic 

reactions such as the oxidation of ethanol. 

 Functionalization of QDs with chiral cysteine aminoacid for the selective 

recognition of carnitine isomers. 

 Functionalization of QDs with eight-membered calixarene molecules for 

the selective recognition of fullerene C60. 
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 Functionalization of QDs with creatinine for the determination of TNT 

explosive by using the Jaffé reaction. 

 Functionalization of QDs with colistin, a cyclic polypeptide antibiotic, to 

recognize gram negative bacterias such as E. Coli. 

The Figure VII.1-6 describe the five types of functionalization used in this 

thesis to introduce the (bio)element of recognition. As can be seen, two strategies 

have been used: formation of covalent bonds, or functionalization through non-

covalent interaction such as Van der Waals and hydrophobic interactions of 

aliphatic chains. In the case of covalent bonds, in all the cases after a thiol 

interaction of a linker with the QDs the formation of an amide bond was the via of 

functionalization selected. The amide bond was performed in aqueous media using 

EDC/NHS as catalysts of the reaction.  

To bond the linker with the QDs it was necessary to replace the native 

coordinating organic ligands (TOPO/TOP) on the QDs surface. For that, a thiol 

derivative (mercaptoacetic acid) was used because it binds efficiently to the QD 

surface. The ligand-exchange process was the strategy followed to exchange the 

TOPO/TOP ligands by a thiol compound (mercaptoacetic acid), providing reactive 

groups (carboxylic groups) for subsequent attachment of the (bio)element of 

recognition.  
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Figure VII.1-6. Types of functionalization for the preparation of the QD-based 
sensing probes for different applications. 

In the case of introducing the (bio)element of recognition by using non-

covalent interactions, it was critical the presence of TOPO/TOP molecules which 

strongly interact with the QDs. In this way, it is important to remark that we 

observed as the TOPO/TOP solubilization layer has a high influence on the 

chemistry of the QDs. In spite of this, in general, the solubilization layer is scarcely 

considered in the literature. In fact, after synthesis, QDs are purified with methanol 

but this purification process results in a non-controlled layer of TOPO/TOP 

molecules which are the responsible for the solubility of QDs in chloroform. 

In addition to functionalization, in this Thesis a direct method without 

(bio)element of recognition has been also developed. In this case, the analytes 

(amines) were monitored though their direct interaction with QDs dispersed in 

ionic liquid. The selectivity was achieved by separating the analytes as volatile 

compound and analyzing the headspace. QDs were used as fluorescent probe to 

monitor the analyte after preconcentration by ionic liquid-based headspace single 

drop microextraction technique (IL-HS-SDME).  
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As can be deducted from the reported examples by using a simple organic 

chemistry it is possible to develop a large number of applications complementary 

to the well-developed use of antibodies or oligonucleotides.  

In the Table VII.1-1 are summarized all the applications developed in this 

Thesis exploiting the fluorescence properties of QDs. In all the examples reported 

here, the use of QDs allows a sensitive method of detection with permits the 

simplification of the method to be carried out. Other important general advantage 

is the possibility to carry out the detection in a wide variety of solvents. In this way, 

it has been exploited the fluorescence properties of QDs in aqueous medium, 

chloroform, and ionic liquid. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Table VII.1-1. Fluorescent determination of different analytes based QDs. 

QD used as               
sensing probe 

Functionalization 
strategy 

Solvent Analyte 
Effect on Fluorescence 
/Mechanism proposed 

Limit of 
detection 

Sample 
(amount) 

NAD+–capped 
CdSe/ZnS  

Covalent bond                     
(amide formation) 

Aqueous 
medium 

Ethanol 
Fluorescence enhancement/ 
Reduction of NAD+ to NADH 

0.45 µg/mL 
Beer                      

(10 µL of 100-fold 
diluted sample) 

L-/D-cysteine–
capped CdSe/ZnS  

Covalent bond                   
(ligand-exchange 

process)  

Aqueous 
medium 

D-/L-
carnitine 

Fluorescence quenching/                      
reorganization of cysteine  

on QD surface 

  0.016 mM (D-)     

  0.013 mM (L-) 
— 

Calix[8]arene–
capped CdSe/ZnS  

Non-covalent 
interaction (through 
TOPO/TOP ligands) 

Toluene 
Fullerene 

C60 

Fluorescence quenching/ 
photoinduced electron-

transfer process 
5 μg/L 

River water 
(100 mL) 

Creatinine–
capped CdSe/ZnS  

Non-covalent 
interaction (adsorption 
by NH2 and N of the ring) 

Water/ 
Acetonitrile 

(25:1) 
TNT 

Fluorescence quenching/ 
photoinduced electron-

transfer process 
0.057 µg/g 

Soil                       
(1 g) 

Colistin–capped 
CdSe/ZnS  

Covalent bond                     
(amide formation) 

Aqueous 
medium 

E. Coli 
Fluorescence quenching/   
energy-transfer process 

28 cells/mL — 

TOPO–capped 
CdSe/ZnS  

Simple dispersion Ionic liquid TMA 
Fluorescence enhancement/ 

Surface passivation 
0.35 µg/g 

Fish                       
(0.2 mg) 
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 Redox properties. We found of special interest the redox properties of QDs 

because they open-up new possibilities in Analytical Chemistry. The redox potential 

of QDs has already been utilized and described in the literature. To this end as main 

conclusions, the following aspects can be pointed out: 

- Redox reactions involving QDs occur only when there is a favorable match 

between the redox potentials of the QD and redox-active molecule. Charge transfer 

from redox species to QDs are dependent on the relative positions of their 

oxidation and reduction energies/levels. 

- The redox potential of QDs depends on the nature of the QDs. In fact, it 

depends strongly on the core, shell and capping ligands for solubilization. 

- Depending on their nature, QDs can be oxidants or reductants. QDs with 

their increased bandgaps are expected to have favorable conduction band energies 

for performing as reducing agent. 

- The size of QDs also alters its redox potential. The conduction band shifts to 

negative potentials with decreasing particle size. Therefore, smaller QDs has 

greater redox potential.  

- Bringing redox-active especies in close proximity to the QDs may promote 

transfer of external electrons (and holes) to either (i) the QD core conduction 

(valence) band or (ii) the QD surface states. For that reason, surface defects play a 

major role in determining the redox potentials. 

- The charge transfer (both to core states and surface states) is reflected in 

systematic loss in QD photoemission and changes in the QD absorption properties. 

- Thanks to their nature, in some applications QDs can also act as catalysts. 
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To demonstrate the redox properties of CdSe/ZnS QDs and prove its potential 

from an analytical point of view, we have developed two analytical methods based 

on the reducing potential of QDs. The practical applications developed in this 

Thesis using QDs as reducing agents are summarized in the Table VII.1-2, showing 

the redox reactions involved in each system as well as other features of the 

methods. 

Table VII.1-2. Fluorescent determination involving QD-redox systems. 

QD type 

 (size/nm) 

Redox couple 

 (QD role) 

Redox                    
reactions* 

Solvent Analyte 
Limit of 

detection 
Sample 

(amount) 

CdSe/ZnS  
( ~5 nm) 

QD/diquat  
(reductant) 

 QD  –ne- → QD 

  nDQ+2 +ne- → nDQ+• 
Acetonitrile Diquat  0.01 mg/Kg 

Oat grains 
(0.5 g) 

CdSe/ZnS  
( ~5 nm) 

QD/folic acid  
(reductant) 

 QD  –4e- → QD 

      FA  +4e- → FH4 

Aqueous 
medium 

Folic acid 2 μg/L 
Urine 

(0.5 mL) 

*Nomenclature   DQ+2
: dication diquat    

   DQ+•: monocation radical diquat 

   FA: folic acid 

   FH4: 5,6,7,8-tetrahydrofolic derivative 

 

In our opinion, QDs are an interesting alternative to simplify/improve analytical 

method involving redox reactions because: 

- The redox properties of QDs are not affected by their photoactivation. In 

general their redox properties are stable for long periods of time.  
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- The possibility to carry out redox reactions in organic solvent allows to 

perform new reactions which can result in the analysis of new fluorescent 

derivatives. 

- All the studied redox reactions with QDs are characterized by their rapidity. 

The high kinetic rate allows the use of QDs immobilized on a support. This results in 

a significant decrease in the reagent consumption — an important consideration 

when we are working with QDs, which are more expensive than conventional 

reducing agent such as sodium borohydride, ascorbic acid, citric acid, hydrazine 

hydrate or hydroxylamine. In addition, it is possible to regenerate and reuse the 

same QD-filter for several analyses. 

- Another important aspect of the possibility of use QDs immobilized on a 

syringe filter is the simplification of the steps involved in sample treatment for the 

analysis of complex matrices, such as food grains. And because the reduction 

reaction with QDs can be carried out in organic solvent (acetonitrile), it is not 

necessary to change the medium after the extraction step. 

- Another important finding is the possibility of using QDs for the development 

of kinetic methods in order to avoid matrix interferences from complex samples 

and reduce the time required for the reaction. In this context, a kinetic-

spectrofluorimetric method based on use of CdSe/ZnS QDs for folic acid reduction 

has been proposed for the analysis of urine samples.  

Overall, only a partial understanding of these QD-redox systems exists and 

there is a strong need for additional studies where rational design of QD-redox 

assemblies with control over architecture and redox levels can provide insight into 

the underlying mechanisms. 
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 Other properties derived from QD-hybrid nanostructures.  

There is no doubt that one major goal in nanoresearch is the preparation of an 

artificially designed structure of nanoparticles with new properties. Nanoparticles 

possess excellent properties that can be boosted or supplemented by combining 

two or more types of materials into a hybrid nanocomposite. 

 In this context of the hybrid nanostructures, QDs also play an important role. 

Apart from the individual and intrinsic properties of the QDs discussed above (i.e. 

fluorescence and redox properties), an additional way to further enrich the 

properties of QDs is through the preparation of assembled nanoparticles or hybrid 

nanostructures. 

In this Thesis we focus on novel synthesis strategies used to create QDs-hybrid 

nanostructures, present the emergent properties of these multicomponent 

materials, and discuss their potential applicability in different field. 

 The different QDs-hybrid nanostructures synthesized and a brief discussion of 

the most relevant aspects of their synthesis procedures are the following: 

- Linear assemblies of QDs have been synthesized. The assembly to form the 

QD-QD nanostructure is assisted by the covalent linking through bifunctional dithiol 

molecules. The main advantage of this procedure of QD-chains formation is that 

form stable covalent links between the QDs, thus obtaining more stable chains 

than those obtained by other researchers through dipole-dipole interactions. In 

addition, precise control of the spacing between the QDs can be achieved changing 

the chain length of the dithiol molecule used.  
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- The combination of QDs with CNTs has been performed to obtain hybrid 

QDs-CNTs conjugates. The formation of these structures has consisted on the in 

situ growth of CdSe QDs onto non-funcionalized and non-pretreated CNTs surface. 

It is important to mention the advantages of the proposed synthesis of hybrid QDs-

CNTs conjugates: i) easy one-pot synthetic procedure, ii) the coupling of QDs to 

CNTs does not cause the loss of the sorption capability of CNTs, iii) the 

nanocomposites exhibit a comparatively high quantum yield and long lifetime, iv) 

they can be efficiently dispersed in aqueous media. 

It is also important to note that this synthetic strategy can be carried with different 

kinds of carbon nanoparticles. In fact, we have been studied the conjugation of QDs 

with three types of carbon nanoparticles (CNP): singlewall carbon nanotubes 

(SWCNTs), multiwall carbon nanotubes (MWCNTs) or carbon nanofibers (CNFs), 

which are depicted in Figure VII.1-7. 

 

Figure VII.1-7. Schematic procedure followed for the synthesis of the different 
CdSe(CNP) NPs: CdSe quantum dots growth on singlewall carbon nanotubes 
(SWCNTs) , multiwall carbon nanotubes (MWCNTs) or carbon nanofibers (CNFs).  
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- Nanostructures integrating silver nanoparticles and QDs have been 

synthesized. The preparation involves reducing the Ag(I) ions to Ag(0) in the 

presence of CdSe/ZnS QDs. The synthesized Ag-QD colloid has been characterized 

by UV-Vis spectrometry, scanning electron microscope (SEM), transmission 

electron microscopy (TEM), energy dispersive X-ray analysis (EDX) and electron 

diffraction (Figure VII.1-8). As is shown in TEM images (Fig. VII.1-8B), some QDs 

were attached on the silver surface. The EDX analysis of the selected area (Fig. 

VII.1-8D) gives us the chemical composition of that area, showing a strong peak 

associated with silver, but also smaller peaks for sulphur, zinc and selenium from 

the CdSe/ZnS QDs. This observation confirmed that the QDs are integrated in the 

structure along with the silver. In addition, the electron diffraction pattern (Fig. 

VII.1-8E) matches well with the standard diffraction pattern of a very high 

crystalline structure, confirming that the QDs retain their crystallinity in the Ag-QD 

composite. By comparing our new colloid with the traditional silver colloid 

obtained by the Leopold and Lendl method, the following aspects can be 

mentioned: 

 The silver aggregates obtained in the presence of QDs present a higher size. 

Concretely, the size of the aggregates of Ag-QDs is between 80-120 µm.  

 The new Ag-QDs colloid has a particular spongy-morphology. Moreover, 

some QDs seem to act as particle junctions between the silver particles. It is 

also important to note that the synthesized material is quite homogeneous. 

 QDs also act as co-reductor of the reaction together with the hydroxylamine, 

leading to a different silver structure. 

Moreover, the proposed synthesis method resulted to be very simple and highly 

reproducible which is an essential point to develop reliable analytical methods. 
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Figure VII.1-8. (A) SEM image of the Ag-QD composite; (B) TEM image of the Ag-QD 
composite; (C) Amplification of the marked area showing the crystalline planes of a 
QD within the Ag-QD structure; (D) EDX spectrum of the marked area and (E) 
Electron diffraction pattern of the selected area. 
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 Apart from the special type of bonding between the nanoparticles integrating 

these new QDs-hybrid nanostructures, they have new or enhanced properties 

because of the combination of the properties of each nanoscale component. The 

modification of the individual properties of QDs due to their combination with 

other nanoparticles is presented in Figure VII.1-9. 

- In the case of QDs-assemblies, the ordered arrangement of QDs into a single 

hybrid nanostructure produces a synergistic effect leading to an improvement of 

the fluorescence properties of QDs. This improvement translates into an 

amplification of the response to analytes.  

- The use of QD-CNT conjugates allows the individual exploitation of the 

properties of both materials. Concretely, we have exploited the exceptional optical 

properties of QDs together with the exceptional sorption capabilities of CNTs. This 

is a clear example of the combination of properties from the two nanoconstituents. 

- In the Ag-QDs nanostructures, the integration of QDs in silver nanostructures 

produces a synergistic effect, which results in a hybrid nanostructure with an 

increased activity in SERS. 
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Figure VII.1-9. Properties of hybrid nanoestructures resulting from the 
combination of QDs with other nanoparticles. 

 As regards the application of the QDs-hybrid nanostructures, a brief discussion 

highlighting the most relevant findings for the development of novel analytical 

strategies is described below. 

- QD-assemblies increased the sensitivity of QD-based fluorescence quenching 

methods, leading to lower detection limits. This strategy was used for detection of 

two biogenic amines, obtaining a sensitivity (expressed as the slope of the 

calibration curve) 2.7 and 4 times higher than those obtained with the single QDs 

for tryptamine and cadaverine, respectively. Thus, it has been demonstrated that 

the simple addition of dithiol as reagent to induce the formation of QD-assemblies 

can increase the sensitivity in the determination of amines. 

- SWCNT–QDs nanocomposites have shown to enhance fluorescence of 

polycyclic aromatic hydrocarbons (PAH) via fluorescence resonance energy transfer 

(FRET). The more marked increase in acceptor fluorescence observed with 
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SWCNT(CdSe) can be probably ascribed to adsorption of the analyte (acceptor) 

onto the CNT surface bringing the acceptor and donor (CdSe) closer, and raising the 

FRET efficiency as a result. This amplification effect of the SWCNT–QDs 

nanocomposite has been exploited for the detection of trace levels of polycyclic 

aromatic compounds (PAHs) in various types of water samples (river, tap and 

mineral). Compared with QDs nanoparticles, the fluorescence enhancement 

achieved with the SWCNT–QDs nanocomposites was 3.6–5.5 times higher. 

- The SERS activity of the synthesized Ag-QD substrate has been successfully 

demonstrated for different types of molecules including rhodamine 6G, crystal 

violet, adenine, and 2,6-dinitrotoluene, showing the general applicability of this 

composite. In all cases, SERS signals with Ag-QDs were higher than those obtained 

with Ag nanoparticles. We therefore consider the new Ag-QD composite highly 

promising for a wide range of SERS applications in different fields of analytical 

chemistry. 

The Ag-QDs colloid has been found to be highly efficient for SERS, even it 

enables the detection of a selected dye molecule down to single molecular level. It 

has been proved using the rhodamine 6G (R6G) and the following experiments 

were carried out. The profile of the Raman signals with time was recorded for two 

different concentration levels of R6G (2·10-7 M and 2·10-9 M). The time profiling 

experiment was set up with a scan range between 1480-1550 cm-1 and a step size 

of 2 s. Each spectrum was collected in 1 s and 150 spectra were recorded. The 

obtained profiles are presented in Figure VII.1-10, showing the fluctuations on the 

signal at 1510 cm-1. It clearly demonstrates that R6G SERS lines (only recorded the 

line at 1510 cm-1) show different statistical behavior depending on the 

concentration measured. Whereas at concentrations relatively high of R6G (2·10-7 
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M) the Raman line appears at relatively uniform signal levels, strong fluctuations 

appears when the concentration was very low (2·10-9 M). This effect is due to 

Brownian motion of the colloidal Ag-QD NPs, which carry single dye molecules into 

and out of the probed volume.  

 

Figure VII.1-9. Profile of the Raman signals with time and the statistical distribution 
of the SERS signals at 2*10-7 M (A) and 2*10-9 M (B) of R6G. Panel A shows the 
number of events reaching a particular Raman intensity for a realtively high 
concentration of R6G), showing continuous SERS signal obtained with the Ag-QD 
dispersion. Panel B shows the number of events reaching a particular Raman 
intensity for a very low  concentration of R6G. The spectra were recorded using a 
633 nm laser and x100 objective . In that conditions the measured volume is 1µm3. 
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Data were subjected to a statistical analysis. The scattering signals of 150 

measurements were divided into 25 bins (x axis). The y axis displays the frequency 

of the appearance of the appropriate signal levels of the bin. The Raman signal of 

‘many’ molecules shows a Gaussian statistical distribution (Fig. VII.1-10A). In 

contrast, the statistical distribution of the ‘molecules SERS signal’ can be 

reasonably fit by the superposition of three Gaussian curves (Fig. VII.1-10B). This 

periodicity of the signal indicates single-molecule detection is achievable with Ag-

QDs. 

In summary, the evidence for single-molecule detection rests on two observations: 

(1) the low adsorbate-to-particle ratios used in the experiments make it unlikely 

that there could be more than one adsorbate per aggregate, and (2) an on-off 

blinking behavior indicative of single-molecule dynamics is found. Periods of 

several seconds can occur when there is no Raman intensity, followed by long 

periods when the Raman intensity returns. 

 
Moreover, there is a continued interest in the development of highly sensitive, 

molecular specific detection techniques in miniaturised separation systems such as 

capillary based liquid chromatography. Surface enhanced Raman scattering (SERS) 

is a promising detection technique but in order to be truly useful, a reliable analysis 

system must be achieved. Without such robustness SERS detection will not gain 

widespread acceptance in a combined system for analytical chemistry. To 

overcome such problem we have used the novel synthesized Ag-QDs composites 

thanks to its advantageous features discussed above: i) simple and highly 

reproducible preparation procedure, ii) high and reproducible SERS activity, iii) 

good stability of the colloidal dispersion and high stability of the SERS signal. 
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As analytical system, the coupling of an at-line capillary-liquid 

chromatography—(microdispenser)—surface-enhanced Raman spectroscopy  (µLC-

microdispenser-SERS), has proved to be an effective and useful coupling (Figure 

VII.1-10). 

 

Figure VII.1-10. Overview of the hyphenated chromatographic separation and 
SERS detection system. 

The main advantage of this methodology is the significant improvements in 

terms of sensitivity achieved thanks to several reasons: 

- First, the use of capillary-LC techniques, with flow rates of the order of 3 

µL·min-1, instead of reversed phase LC and flow splitting, leads to better 

efficiency and higher sensitivity.  

- Second, using the microdispenser interface, which are capable of producing 

reproducible microdroplets and being directly deposited on a target in a 

controlled way, is also traduced in an increase of the sensitivity.  

- At last, the use of Ag-QDs which are highly active in SERS allows very high 

enhancement factor in Raman detection technique. 
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It is also important to remark that using the proposed methodology the 

chromatographic separation is not affected by the SERS substrate. 

This methodology has been exploited for the separation, identification and 

quantification of different analytes groups and in three different ways, namely: 

 depositing the analytes eluted from the µLC column onto a plate to carry out 

the following SERS measures on the solid plate. To this end, we have selected 

as target analytes four pesticides belonging to two different families 

(atrazine and phenylureas). 

 collecting aliquots of the analyte from the µLC column inside the wells of a 

microtiter plate to carry out the SERS measures in solution. In that case the 

analytes assayed has been nucleic bases, i.e. purine and pyrimidine bases. 

This latter strategy has two main advantages: i) the analytes in solution are more 

resistance to damage caused by laser irradiation than those deposited on solid 

substrates, due to the continuous agitation of the colloidal particles in the aqueous 

environment, and ii) measurements in solution lead to higher reproducibility and 

precision than measures on a solid SERS-substrate. 

 Three different analytical approaches, i.e., µLC-UV, µLC-SERS and SERS-PLS, 

has been evaluated for the analysis of two dinitrotoluene isomers (2,4-DNT 

and 2,6-DNT). These combinations of techniques provided good quantitative 

results as well as additional structural information.  

The µLC-SERS approach has proved to be a useful complementary detection 

technique to µLC-UV to confirm the identification of studied analytes and to 

differentiate between isomers, which tend to co-elute in chromatographic 

separations. In addition, thanks to the high sensitivity and reproducibility achieved 
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in SERS measurements with the Ag-QDs colloid, it has been possible to circumvent 

the chromatographic separation step and resolve mixtures of the two isomers by 

employing PLS regression, which resulted in a significant reduction of measurement 

time required. 

In the Table VII.1-3 are summarized all the applications developed in this 

Thesis using QD-hybrid nanostructures. 

Table VII.1-3. Analytical applications with QD-hybrid nanostructures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

QD-hybrid 
nanostructure 

Exploited               
property 

Detection     
technique 

Analyte 
Limit of 

detection 

QD-QD 
Amplification  
fluorescence 

response 

Fluorescence  
Spectroscopy 

Biogenic amines 

Tryptamine  
Cadaverine    

2.0 μM                
1.9 μM 

QD-SWCNT 
Combination 

adsorption (CNT) 
+FRET (QDs) 

Fluorescence  
Spectroscopy 

PAHs  

Pyrene  
Benzo(a)pyrene 

Benzo(a)anthracene  
Perylene      

0.0001 μM       
0.0002 μM    
0.0007 μM     
0.0003 μM 

Ag-QD 
Increased              

SERS activity 

Raman               
Spectroscopy 

( SERS measures                    
on solid plate ) 

Pesticides    

Atrazine    
Terbuthylazine   
Chlortoluron              

Diuron 

0.2  mg/L                
0.1  mg/L              
0.2  mg/L                       
0.1  mg/L 

Ag-QD 
Increased                

SERS activity 

Raman                 
Spectroscopy  

( SERS measures                    
in solution ) 

Nucleic acid bases   

Adenine                 
Thymine                 
Guanine     

Hypoxanthine  
Xanthine                
Cytosine 

0.20  mg/L                
0.29  mg/L              
0.24  mg/L                   
0.21  mg/L                
0.27  mg/L              
0.30  mg/L   

Ag-QD 
Increased                 

SERS activity 

Raman  
Spectroscopy  

( SERS measures                    
in solution ) 

Explosives 

2,4-DNT                       
2,6-DNT 

 

0.54 mg/L               
0.51 mg/L 
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Although such applications are still in an early stage, the ability to tune the 

properties of QDs or impart multiple functionalities to QD-hybrid nanomaterials 

shows high potential for their future inclusion in emerging technologies. 
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VII.2. CONCLUSIONS 

The contribution of the Thesis is the characterization and use of Quantum Dots 

in Analytical Sciences. The conclusions of this work have been compiled taking into 

account their general and specific connotations. 

2.1. General conclusions 

(1) Although QDs have been extensively described and exploited until now, we 

have demonstrated that it has been possible to add value to the number of 

publications appear so far in two main analytical directions, namely: (i) 

characterization of QDs, and (ii) use of QDs as tools in analytical processes. 

(2) The non-fluorescent analytical applications of QDs open up new research lines 

with the aim of amplify their impact in analytical measurement processes. 

(3) As regards the characterization of QDs, the contribution of this Thesis has 

been devoted to two main objectives, namely: i) to stress the importance of 

photoactivation of QDs before their use in some applications; and ii) to 

determine mixture of QDs produced in their synthesis by using capillary 

electrophoresis. 

(4) A variety of analytical fluorescent methods using QDs as tools for the 

determination of a variety of analytes in different samples matrices have been 

developed and validated: 

– Determination of low levels of ethanol in beers 

– Determination of D-Carnitine in foods 

– Determination of fullerenes in waters 

– Determination of trinitrotoluene in soils 
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– Rapid detection of Escherichia Coli bacteria 

– Determination of trimethylamine in fish 

(5) The redox properties of QDs have been exploited for the development of a 

variety of validated analytical processes such as: 

– Determination of diquat herbicide in cereal grains 

– Determination of unmetabolized folic acid in urine 

(6) The formation of QDs-assemblies has been exploited to improve the sensitivity 

of the determination of two biogenic amines (tryptamine and cadaverine). 

(7) The formation of composite nanoparticles of quantum dots and carbon and 

metallic nanoparticles opens up new avenues of the use of QDs as analytical 

probes. 

7.1) The result of the use of carbon nanotubes-Quantum Dots (CNT-QDs) 

hybrid nanoparticles to the enhancement of sensibility in the determination of 

PAHs in water. 

7.2) Silver-Quantum Dots (Ag-QDs) nanostructures have been exploited as a 

novel SERS substrate with sponge-like morphology based on redactor potential 

of QDs. Several model analytes have been used to demonstrate the 

advantages of this approach. In addition, this hybrid combination has been 

used as substrate in the determination of pesticides by µLC-Raman. The same 

arrangement has been used to determinate six nucleotic bases. The Ag-QDs 

SERS substrate has also been used for the determination of explosives and 

DNT isomers discrimination by chemometric support. 
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2.2. Specific conclusions 

Here we present the main findings from each of the work developed along this 

Thesis. 

(1) Beyond the fluorescence of Quantum Dots: A review of their uses based on 

other properties. 

 QDs exhibit other exceptional properties in addition to fluorescence, such as 

their electrochemical, photoelectrochemical and redox properties, and their 

catalytic and amplification effects. 

 It has been reviewed the recent advances in the development of analytical 

strategies exploiting these nonfluorescent characteristics of QDs. 

 The relative strengths and weaknesses of QD-based analytical techniques 

other than those relying on photoluminescent properties have been 

discussed, especially as regards nonoptical techniques using QDs in 

combination with various types of electrochemical sensors, and 

photoelectrochemical and electrochemiluminescence methods.  

 Furthermore, some powerful optical techniques including resonance light 

scattering (RLS), surface-enhanced Raman spectroscopy (SERS) and 

inductively coupled plasma-mass spectrometry (ICP-MS), which have lately 

been used in conjunction with QDs, have been also reviewed. 
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(2) Quantum dots luminescence enhancement due to illumination with UV/Vis 

light. 

 Photoactivation, a significant and important phenomenon of QDs, is the 

luminescence enhancement produced when QDs are irradiated with light. 

This phenomenon must be fully understood before QDs can be applied to 

existing and emerging technologies, and have an important role in many 

areas.  

 It has been summarized some recent research activities directed to a 

comprehensive interpretation of the photoactivation process and the 

differences found in the literature about this phenomenon have been 

discussed. 

 There were found different photoactivation mechanisms depending on the 

type of QDs and the surrounding environments of the QDs. Based on our 

finding with other previous report, we have proposed four principal 

pathways for the photoactivation phenomenon: 

1) Photoactivation due to heat-induced by light (photoannealing) 

2) Photoactivation due to adsorption of H2O molecules to the QDs surface 

3) Photoactivation due to stabilisation with surfactant molecules or 

surface-ligand passivation 

4) Photoactivation due to photoxidation  

 The influence of several physical and chemical variables on QD 

photoactivation pathway has been discussed. The most significant variables 

were: 1) presence of oxygen, 2) intensity and type of light used for 

illumination, 3) influence of solvent type and polarity, and 4) influence of pH. 
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 The reversibility of the photoactivation process and the photostability of QDs 

have been also studied.  

(3) Capillary Electrophoresis Method for the Characterization and Separation of 

CdSe Quantum Dots. 

 It have been developed a capillary zone electrophoresis (CZE) method which 

allows the successful separation of four different-sized QDs based on their 

differences in the charge-to-mass ratio.  The proposed approach consisted 

on a prior controlled solubilization of CdSe QDs to form a water-soluble and 

highly charged QDs-TOPO/TOP-SDS complex before their separation by CZE.  

 The main advantages of the method were: 1) its simplicity, 2) its rapidity 

(separation in less than 6 min), and 3) the highest resolution power 

described to date in the analysis of nanoparticles such as QDs.  

 In fact, it has been demonstrated the effective separation of QDs that differ 

in only 0.5 nm in diameter and 19 nm in the wavelength of the fluorescence 

emission maximum.   

 The migration time and the peak width have been correlated with the size 

and distribution of QDs. Therefore, the proposed method permits to obtain 

the same information than those obtained by the combination of HTEM and 

fluorescence spectroscopy techniques. 

 Other important conclusion derived from the present work was the 

important role that residual surfactant molecules, such as TOPO and TOP on 

the QD surface, can play in the analysis and use of QDs. 
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(4) A novel photoluminiscence QD-NAD+ cofactor as system for coupling with 

NAD+/NADH-dependent redox enzimatic reactions. 

 A biological-inorganic hybrid QD-NAD+/QD-NADH system has been designed 

to couple with NADH-dependent enzymatic reactions. Particularly, it was 

used to perform the enzymatic reduction of ethanol by using alcohol 

dehydrogenase (ADH) enzyme.  

 The most important advantage of the proposed method, based on the use of 

QD-NAD+ congugate, was the sensitivity enhancement (by a factor of 4) 

compared with the use of the free cofactor NAD+.  

 Other remarkable features of the developed synthesis method of QD-NAD+ 

conjugate were its simplicity and good reproducibility. 

 The practical utility of the synthesized QD-NAD+ conjugate and the proposed 

method has been demonstrated by the determination of low levels of 

ethanol in beer, achieving a detection limit of 0.45 µg·ml-1. 

(5) Selective Quantification of Carnitine Enantiomers Using Chiral Cysteine-

Capped CdSe(ZnS) Quantum Dots. 

 A chiral cysteine-capped QDs probe has been synthesized for the selective 

recognition of carnitine enantiomers.  

 On one hand, the decrease in fluorescence of L-cysteine-capped CdSe(ZnS) 

after the interaction with D-carnitine (or D-cysteine-capped CdSe(ZnS) with 

L-carnitine)was attributed to a reorganization of cysteine molecules on the 

QD surface after the binding of carnitine.  
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 On the other hand, the chiral selectivity was due to favorable chemical 

interactions that each type of chiral cysteine-capped CdSe(ZnS) nanoparticle 

forms with only one of two enantiomers of carnitine. 

 L-carnitine is highly therapeutically effective and, thus is used for various 

nutritional and pharmaceutical applications, whereas D-carnitine displays 

serious side effects. Therefore, the development of a reliable analytical 

method to monitor the presence of D-carnitine in food formulations is 

essential. 

(6) Calix[8]arene coated CdSe/ZnS Quantum Dots as C60-nanosensor. 

 For first time, an optical nanosensor for fullerene determination has been 

developed based on the supramolecular recognition of C60 with p-

tertbutylcalix[8]arene.  

 We demonstrated that: 1) the calixarene coating preserves the emission 

intensity of the quantum dot and their small diameter and, 2) the 

immobilized calix[8]arenes retain their capability of engaging molecular 

recognition.  

 The potential of the nanosensor to determine C60 has been demonstrated for 

the analysis of river water samples, obtaining a detection limit of only            

5 μg·L-1.  

 There is no doubt that this strategy opens up new possibilities to develop 

toxicological and environmental applications. The application of a similar 

strategy for the analysis of biological samples is a future trend. 
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(7) Determination of trinitrotoluene explosive based on its selectively interaction 

with Creatinine-modified CdSe/ZnS Quantum Dots. 

 A fluorescent creatinine-capped CdSe/ZnS probe has been designed as new 

fluorescence sensor for the detection of TNT.  

 The fundament of the fluorosensor was based on two facts: 1) the selective 

interaction between the TNT and creatinine achieved by the Jaffé reaction, 

and 2) the fluorescence quenching effect produced on the original 

fluorescence of creatinine-QDs when TNT is added and a TNT-creatinine-QD 

complex is formed.  

 Studies on the selectivity of the proposed method showed that TNT can 

generate a more intense signal response than the other studied 

nitroaromatic compounds owing to its higher electron-accepting character. 

 The potential practical application of the proposed method for the 

determination of TNT in soil samples has been demonstrated, obtaining 

recoveries between 94.3 and 103.3 % and a detection limit of 0.057 µg·g-1. 

(8) Colistin-functionalised CdSe/ZnS Quantum Dots as fluorescent probe for the 

rapid detection of Escherichia Coli. 

 Colistin has been combined with QDs to synthesize a bacteria sensor. 

Colistin-functionalised CdSe/ZnS nanoparticles were found to show a highly 

selective and sensitive response towards E. Coli, a gram-negative bacteria. 

 The new system allowed the determination of only 28 E. Coli cells per mL in 

15 min, which is competitive which more elaborate detection systems.  
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 The simplicity of the method together with short analysis time and high 

sensitivity makes the proposed approach useful as quick bacteria screening 

system. 

 Similar strategy with the appropriate selection of antibiotic should results in 

the possibility to detect different bacteria strains. Because of the 

fluorescence of QDs can be modified by changing their size, it should be 

possible to detect in a single analysis different types of bacteria strains. 

(9) Fluorimetric detection for rapid and sensitive determination of trimethylamine 

in fish after (CdSe/ZnS QDs)-Ionic Liquid-based Headspace Single-drop 

Microextraction with in situ generation of volatile trimethylamine. 

 The combination of Ionic Liquid-based headspace single drop 

microextraction technique (IL-HS-SDME) with microvolume 

spectrofluorimetry based on QDs has been demonstrated to be a promising 

coupling for analytical methods. This analytical system, (QD)IL-HS-SDME, 

exploits the advantages of ILs as extractant solvents and the use of QDs as 

fluorescence detection probe.  

 In addition, the used procedure for the generation of gaseous TMA allowed 

the analyte to be separated and to be determined directly in the fish sample 

without matrix interferences. 

 The proposed methodology is characterised by its high sensitivity and 

selectivity, being inexpensive, rapid and simple, with a negligible solvent 

consumption, and therefore it overcomes most of the limitations of the 

AOAC Official Method.  The AOAC Official Method for determination of TMA 

in fish samples, consisted on a liquid–liquid extraction of TMA with toluene 
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and its subsequent reaction with picric acid reagent to form a yellow 

complex, has some limitations such as low sensitivity, presence of 

interferences, several time-consuming steps as well as the use of large 

amounts of hazardous reagents. 

 The low detection limit of the proposed method (0.35 µg TMA per gram of 

fish), together with a high freedom from interferences, allowed the 

determination of TMA in fish samples from the first moment of storage (at 

the earliest stages of spoilage).  

 The demonstration that IL-HS-SDME can be coupled with spectrofluorimetric 

detection based on QDs opens new possibilities for developing analytical 

methods using the QDs as label for the detection of non-fluorescent analytes 

which can be previously extracted from the sample by microextraction 

techniques, like IL-HS-SDME. 

(10) Rapid fluorescence determination of diquat herbicide in food grains using 

quantum dots as new reducing agent. 

 A spectrofluorimetric method for the determination of diquat in cereals 

crops has been developed based on the reduction reaction of diquat with 

CdSe/ZnS quantum dots in acetonitrile.  

 The method involves three steps: (1) Diquat extraction from seeds with 

acetonitrile accelerated with ultrasonic, (2) reduction of diquat with QDs 

retained in a filter, and (3) measurement of the diquat reduction product by 

fluorescence.  
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 The main innovation proposed in this work was the use of quantum dots as 

reducing agent, which led to several advantages compared to other 

reduction procedure described. These advantages are the following: i) the 

reduction reaction can be carried out in organic solvent (acetonitrile), so it is 

not necessary to change the medium after the extraction step; ii) the 

reduction of diquat by QDs is very fast while using sodium dithionite the 

reaction takes 5-6 minutes to reach equilibrium; iii) the diquat reduction 

product is stable at least one hour while that one obtained using dithionite 

which is very unstable.  

 Another important aspect was the immobilization of QDs (reducing agent) on 

a syringe filter, which led to a significant reduction in reagent consumption.  

 The high fluorescence quantum yield of the reduced product obtained has 

allowed a simple, rapid and sensitive method with a detection limit of only 

0.01 mg·Kg-1 in oat grains (much lower than the MRL). 

(11) CdSe/ZnS QDs for the simple determination of unmetabolized folic acid in 

urine as biomarker of certain disorders. 

 A kinetic-spectrofluorimetric method based on use of CdSe/ZnS QDs for folic 

acid reduction has been developed as an alternative means of rapid and 

reliable determinations of free folic acid in urine.  

 It has been demonstrated that QDs are responsible not only for the 

reduction of folic acid into a strongly fluorescent compound but also for 

stabilization of the product by maintaining a reducing environment. 
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 The usefulness of the proposed method has been proved suitable for the 

determination of unmetabolized in human urine samples. 

 This methodology could be a fast and simple way to detect several diseases 

since unmetabolized folic can act as biomarker of malabsorption problems or 

overconsumption. 

(12) Determination of amines based on their interaction with QDs: effect of the 

QD-assemblies formation. 

 It has been demonstrated that the photoluminescence properties of QDs can 

be selectively modulated through their linear assembly, assisted by the 

covalent linking through bifuntional dithiol molecules. The optical properties 

varied as a function of the total length of the structure.  

 It was further demonstrated the analytical potential of the formation of QD-

assemblies to increase the sensitivity of QD-based fluorescence quenching 

methods, leading to lower detection limits than those obtained with single 

QDs.  

 The amplified fluorescence quenching using QD-assemblies was used for 

detection of two biogenic amines, i.e., tryptamine and cadaverine, obtaining 

satisfactory results. 

(13) Carbon nanotube-quantum dot nanocomposites as new fluorescence 

nanoparticles for the determination of trace levels of PAHs in water. 

 It has been demonstrated for first time the capability of SWCNT–QDs 

nanocomposites to enhance fluorescence of polycyclic aromatic 

hydrocarbons (PAH) via fluorescence resonance energy transfer (FRET). This 
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amplification effect has allowed the development of a sensitive and reliable 

analytical method to determinate PAHs in water samples. 

 These hybrid nanocomposites open up new possibilities to develop 

nanosensors because combine the unique and particular characteristic of 

both kind of nanoparticles, QDs and CNTs. Concretely, we have exploited the 

exceptional optical properties of QDs together with the exceptional sorption 

capabilities of carbon nanostructures. 

 The formation of these structures has consisted on the in situ growth of QDs 

onto non-funcionalized and non-pretreated CNTs surface. It is important to 

mention the advantages of the proposed synthesis of hybrid QDs-CNTs 

conjugates: i) easy one-pot synthetic procedure, ii) the coupling of QDs to 

CNTs does not cause the loss of the sorption capability of CNTs, iii) the 

nanocomposites exhibit a comparatively high quantum yield and long 

lifetime, iv) they can be efficiently dispersed in aqueous media. 

 In addition, the fluorescence spectrum of the nanocomposite exhibited 

characteristic peaks, which could be used to increase selectivity in a wide 

range of analytical applications. Such aspect will be probably studied in the 

future. 

(14) “Silver-Quantum Dots Sponges”: A novel SERS Substrate. 

 We have reported a very efficient SERS substrate with sponge-like 

morphology exploiting the reductor potential of QDs and their integration in 

silver nanostructure to allow the optimal aggregates’ size, shape and spacing 

of the Ag particles.  



BLOCK VII. Results and Conclusions 

 

 

692 

 

 This is the first time that QDs have been used as reducing agent to produce 

silver SERS substrate. Moreover, the proposed synthesis method resulted to 

be very simple and highly reproducible which is the key to developing 

reliable analytical methods. 

 The huge SERS activity was attributed to their particular spongy-morphology 

which allows the formation of a high density of hot spots on the whole Ag-

QD structure. 

 The SERS activity of the synthesized Ag-QD substrate has also been 

successfully demonstrated for different types of molecules including 

rhodamine 6G, crystal violet, adenine, and 2,6-dinitrotoluene, showing the 

general applicability of this composite. 

 We therefore consider the new Ag-QD composite highly promising for a wide 

range of SERS applications in different fields of analytical chemistry. 

(15) Determination of pesticides by reversed-phase capillary-liquid 

chromatography using surface-enhanced Raman spectroscopy with Ag-QDs NPs 

as substrate. 

 The combination of the µLC-(microdispenser)-SERS using a novel Ag-QD 

nanocomposite as SERS-substrate was found to be a useful technique for the 

separation, identification and quantification of different analytes (used 

pesticides as model analytes).  

 The detection limits achieved were very low between ca. 10–20 pg deposited 

on the CaF2 plate depending on the analyte selected. These were much lower 

than the detection limits achieved in UV absorbance detection, so that better 
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quantitative and also qualitative (structural) information can be obtained 

with the proposed methodology.  

 The main advantage of this methodology is the significant improvements in 

terms of sensitivity achieved thanks to several reasons: 

 the use of capillary-LC techniques, with flow rates of the order of 3 µL·min-1, 

instead of reversed phase LC and flow splitting, leads to better efficiency and 

higher sensitivity.  

 using the microdispenser interface, which are capable of producing 

reproducible microdroplets and being directly deposited on a target in a 

controlled way, is also traduced in an increase of the sensitivity.  

 the use of Ag-QDs which are highly active in SERS allows very high 

enhancement factor in Raman detection technique. 

(16) Determination of pyrimidine and purine bases by reversed-phase capillary-

liquid chromatography using surface-enhanced Raman spectroscopy with Ag-QDs 

NPs as substrate. 

 It has been demonstrate that the most common analytical technique (HPLC-

UV) for determining nucleotic constituents can be implemented with SERS 

detection to obtain an additional unique and reliable identification method 

(μLC-UV-SERS). 

 The SERS measurements were carried out in solution which provided a very 

good reproducibility with RSD values between 3.0-6.3 % depending on the 

studied base. The detection limits achieved were very low between 0.2-0.3 

ng injected on the µLC column. 
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 Following the proposed methodology is very simple to record the SERS 

spectra of each analyte at its pH-best value. The Ag-QD SERS-active solution 

couldn readily be adjusted at a fixed pH in order to obtain the maximum 

SERS enhancement for each analyte. The strategy was to fill each well of the 

microtiter plate with the substrate solution previously adjusted to a certain 

pH value and different pH values along the microplate’s wells according with 

the elution order of the analytes and the optimum pH for each one.  

 An important advantage of the colloidal dispersion over the solid substrates 

is the resistance to damage caused by laser irradiation, which is ensured by 

the continuous agitation of the colloidal particles in the aqueous 

environment. Another advantage is that carrying out measurements in 

solution rather than on a solid SERS-substrate leads to higher reproducibility 

and precision. 

(17) A novel Silver-Quantum dots SERS Substrate for Explosives Detection and 

DNT isomers discrimation using PLS technique. 

 The enormous potential of combining different analytical approaches, i.e., 

µLC-UV, µLC-SERS and SERS-PLS, for the analysis of DNT isomers has been 

demonstrated. These combinations of techniques provided good 

quantitative results as well as additional structural information.  

 Two especially important aspects in this work were the use of a flow-through 

microdispenser as interface between a micro-LC and a Raman microscope, 

and the type of SERS substrate employed for generating SERS spectra. 

Without such robustness, SERS detection will not gain widespread 

acceptance in a combined system for analytical chemistry.  



 VII.2. Conclusions 

 

695 

 

 Although the µLC-SERS methodology did not achieve lower detection limits 

compared to µLC-UV, the SERS spectra provided additional structural 

information. Therefore, the µLC-SERS approach is a complementary 

detection technique to µLC-UV to confirm the identification of studied 

analytes and to differentiate between isomers which tend to co-elute in 

chromatographic separations. 

 In addition, thanks to the high sensitivity and reproducibility achieved in SERS 

measurements with the “Ag-QDs” colloid, it was possible to circumvent the 

chromatographic separation step and resolve mixtures of the two isomers by 

employing PLS regression, which resulted in a significant reduction of 

measurement time required. 
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VII.3. PERSPECTIVES: FUTURE RESEARCH LINES 

Researchers are overcoming challenges and finding new applications for QDs. 

As shown in the introduction (in section I.3), QDs are being used successfully 

nowadays in increasing analytical applications in different fields such as biological, 

biomedical, (bio)chemical analysis, sensors, etc. In fact, QDs have already fulfilled 

some of their original promises as innovative labels. The present tremendous 

interest in QDs guarantees to extend previous applications to real life problems and 

inspire new creative ones. Thus, new developments and advances in the use of QDs 

are expected in the near future. In our opinion, future developments in the main 

different fields of QDs applications can be predicted as follows. 

 In biological and biomedical fields 

 Synthesis of high quality NIR QDs  

For in vivo imaging applications of QDs, the fluorescent emission wavelength 

ideally should be in a region of the spectrum where blood and tissue absorb 

minimally but is still detectable by the instruments, which is the near-infrared (NIR) 

region (approximately 750-900 nm). Recently, there has been a significant amount 

of interest in developing effective NIR emission QDs that enable deep tissue 

imaging. To date, the synthesis procedures of water-soluble NIR QDs lead to 

broadband emissions and low fluorescence quantum yield. Thus, there remains a 

need to develop highly luminescent QDs capable of producing a NIR emission 

without expressing undesirable broadband emissions.  

Owing to the particular advantages of NIR QDs, such as non-interference of 

tissue autofluorescence, high penetration depth and resistance to photobleaching, 
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the synthesis of high quality NIR QDs and their potential for in vivo imaging open 

up an intensive and promising path of research. NIR QDs could also be used for 

image-guided surgery in the future. 

 Synthesis of less toxic or non-toxic QDs  

The major obstacle in the clinical use of QDs remains their toxicity, and thus 

the need for development of novel type of QDs and surface coating method with 

high biosafety becomes more relevant in this scenario. It should be realized that 

the application of QDs in biological and biomedical fields was only limited in the 

level of cells and experimental animals. Although most works reported that QDs did 

not cause apparent influence on physiological status of living subjects, the 

compatibility and long-term toxicity of heavy metals composed QDs were still 

major concerns, and hence they were prohibitive to any patient studies. If 

alternative QDs can be prepared from relatively non-toxic materials, or the toxic 

components can be inertly protected from exposure and subsequently cleared 

from the body, it will accelerate the pace for their usage in drug screening and the 

further clinical relevance of QDs could also be foreseeable. The recently emerging 

carbon dots, carbogenic QDs, silica QDs, and ZnO QDs as new types of safe and 

cheap luminescent QDs labels, have an inspiring prospect in the clinical 

applications. 

There in no doubt that the synthesis of non-toxic QDs hold the key to the 

future of QD based application in biomedical applications with human beings. 

 Synthesis of non-blinking QDs  

Another drawback of QDs is the intermittence in emission or ‘blinking’. 

Although this behavior is not fully understood, it has been attributed to Auger 



 VII.3. Future Research 

 

699 

 

ionization. In biomedical application studies where peptides, proteins, enzymes, 

lipids, nucleic acids, etc. are labeled with single QDs and the signal from a single QD 

is required for the detection, this leads to a decrease in the efficiency and 

sensitivity of the system. The blinking phenomenon seems to be very difficult for 

single-molecule biological imaging. The elimination of the blinking behavior of 

nanocrystals is a challenging area of research. There is some hope that blinking can 

be suppressed by improved surface chemistries and addition of reducing agents 

like β-mercaptoethanol or oligo(phenylene vinylene), making QDs eventually the 

ideal labels for all applications that require exceptional photostability.  

Therefore, the development of non‐blinking NIR QDs is essential for real-time 

imaging within the cell or single-molecule detection. In contrast, blinking may be 

exploited for superresolution microscopy by analyzing the intermittent 

fluorescence to allow identification of the light emitted by each individual label and 

to localize it accurately with a resolution of a few tens of nanometers. 

 QDs in drug delivery 

An emerging application of QDs is their use as novel drug nano-carrier system. 

In this vain, drugs can be loaded along with QDs which enables imaging as well as 

efficient treatment of disease. One primary challenge of drug delivery is 

maintaining a useful concentration of the drug in the targeted tissue while 

preventing toxicity. How to achieve this therapeutic window has not been studied 

with QDs thus far, and requires systematic investigation.  

Moreover, complex drug delivery systems that combine QDs and therapeutic 

modalities in a single construct may offer advantages for the improvement of 

therapeutic effect and reduction of side effect for pharmaceuticals. So far, a certain 
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small molecules or macromolecules like peptides and DNAs with potential medical 

value have been successfully studied through QDs based fluorescent imaging way. 

 Future applications of QDs in drug delivery will be focused on two major 

areas: (1) using QDs as carriers, and (2) labeling therapeutics or drug carriers with 

QDs.  

(1) Quantum dots as carriers with integrated functionalities. QD core can serve 

as the structural scaffold, and the imaging contrast agent and small molecule 

hydrophobic drugs can be embedded between the inorganic core and the 

amphiphilic polymer coating layer. Hydrophilic therapeutic agents (including small 

interfering RNA [siRNA] and antisense oligodeoxynucleotide [ODN]) and targeting 

biomolecules (such as antibodies, peptides and aptamers), in turn, can be 

immobilized onto the hydrophilic side of the amphiphilic polymer via either 

covalent or non-covalent bonds. This fully integrated nanostructure may behave 

like a magic bullet that will not only identify, bind to and treat diseased cells, but 

will also emit detectable signals for real-time monitoring of its trajectory 

(2) Quantum dots as tags for other drug carriers. The second type of QD 

application in traceable drug delivery is more straightforward– labeling a 

conventional drug carrier with QDs, which serve as photostable fluorescent 

reporters. The majority of current drug carriers are made of polymers, such as 

poly(lactic-co-glycolic acid) and polyethyleneimine, and fewer are based on 

inorganic materials. A common limitation shared by these delivery vehicles is the 

lack of an intrinsic signal for long-term and real-time imaging of drug transport. This 

problem has been partially addressed by conjugation with organic fluorophores. 

However, the photobleaching problem associated with essentially all organic dyes 

(including fluorescent proteins) prevents long-term tracking or imaging. In this 
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context, QDs become a natural choice because of their unique spectral properties. 

Indeed, they have been used to label both organic and inorganic drug carriers and 

potentially even bacteria and viruses, with a burst of activity in the area of 

antisense oligodeoxynucleotide [ODN] and small interfering RNA [siRNA] delivery.  

 QDs as therapeutic PDT agents 

One of the most promising aspect of QD application is in their use as 

photosensitiser (PS) for photodynamic therapy (PDT).  

PDT is a medical technique for cancer treatment that uses a combination of 

light, photosensitizers, and oxygen. The basic mechanism is that photoexcitation of 

the photosensitizer leads to generation of radical and/or singlet oxygen that results 

in cancer cell necrosis. QDs can be used in PDT either indirectly as energy donors to 

conventional PSs by FRET mechanism or directly as they react with molecular 

oxygen by energy transfer mechanisms to generate reactive oxygen species (ROS). 

With their high photoluminescence quantum efficiency, prolonged photostability, 

high molar extinction coefficients and tunable emission spectra at NIR wavelengths, 

they form ideal donors for the FRET process in PDT. Also, functionalization of the 

QD surface gives the advantage of enhanced solubility, biocompatibility and 

localization of the QD-PS pair to the exact cancer site for specific targeted action. 

Overall, there are relentless possibilities for the application of QDs in 

nanomedicine. However, QD technology is still in its infancy and extensive research 

is still required to resolve many of the issues that are limiting their safe application 

in clinical medicine. 
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 In toxicological and pharmacokinetic fields 

 Cytotoxicity of QDs  

As the application of QDs for different applications is gaining more attention, 

the toxicity caused by QDs should also be properly addressed. Some studies seem 

to indicate that, although QDs are not completely harmless, their undesirable 

effects can be reduced largely by modification techniques such as proper coating of 

QDs with biocompatible materials.  

Further studies to enhance the limited knowledge about factors related to QD 

toxicity, e.g., half-lives, elimination routes in humans, as well as the ecological 

impact of the QDs, are urgently warranted.  

 Pharmacokinetics of QDs 

The pharmacokinetic study of administered QDs should be extended for safer 

application in biological systems. The extent and rate of absorption, distribution, 

metabolism, and excretion parameters have to be determined, which has more 

significance when toxic materials such as cadmium and tellurium are considered. 

Absorption of QDs into the system is dependent on the route of delivery of 

nanoparticles. Systemic administration is the most common route of delivery of 

QDs into biological systems. At the cellular level, QDs are absorbed mainly by 

endocytic mechanisms. Other means are also available, such as specific entry 

mediated by biomoléculas conjugated to QDs, microinjection, and electroporation. 

When the distribution of QDs is considered, first they encounter the blood; 

however, the blood-QD interaction is not yet properly understood. Studies on the 

interactions of serum components with QDs are progressing, but more research 

need to be carried out in this direction. 
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Little is known about the metabolism and biodistribution of QDs in vivo. 

Therefore, more research should be conducted in this area. In addition to the tissue 

biodistribution, the distribution particularly outside targeted areas should also be 

assessed and the persistence of QDs needs to be quantified to evaluate undesirable 

effects. 

  In (bio)chemical analysis and sensors 

New developments and advances in the use of QDs for (bio)chemical analysis 

are expected in the near future. In our opinion, future developments and 

applications could be related to the combination of QDs with different detection 

principles, the coupling and bioconjugation of these nanoparticles to novel 

recognition elements or their immobilization in appropriate solid support for new 

sensing materials development. 

 Novel detection techniques 

Future research directions could be related to the combination of QDs with 

detection principles alternative to fluorescence. In fact, QDs have been already 

used in combination with surface Plasmon resonance (SPR) measurements. 

Preliminary studies reported a clear exciton peak due to the quantum confinement 

effect in uncoated CdSe/ZnS QDs, and surface Plasmon resonance and a red-shifted 

exciton peak in Ag-coated CdSe/ZnS composite. Redox transformations occurring 

on chemically modified surface of QDs may significantly alter the refractive index of 

the interface and thus induce changes in the Plasmon angle of the SPR spectra. This 

approach was the basis of an SPR sensor for acetylcholine esterase inhibitors. On 

the other hand, the combination of surface Plasmon enhanced fluorescence 

spectroscopy (SEF) with a fluorescent analyte tagged by CdSe/ZnS QDs has already 
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been successfully demonstrated for detection of single-stranded DNA sequences by 

SPR and SEF. The spectral resolution of the multicolor images obtained with a 

spectrograph demonstrates the potential of the combination of QD-DNA 

conjugates with SEF for future applications in DNA chips analysis. 

More recently, investigation of the luminescence properties of QDs is slowly 

expanding into phosphorescence, a detection principle that may provide 

advantages for the design of luminescence analytical methodologies. For example, 

Ir complex functionalized CdSe/ZnS QDs have phosphorescence emission, which is 

sufficiently high for potential applications of such systems to detect specific target 

agents in imaging and perhaps as new room temperature phosphorescence (RTP) 

analytical sensors. 

 Bioconjugation to Highly Specific Receptors  

So far, QDs have been conjugated to different antibodies in an assortment of 

fluoroimmunoassays aiming at selective detection of proteins and small molecules. 

Such studies have documented that QDs may be used as "generalized" reporters in 

immunoassays. More recently, some researchers have started to investigate 

alternative analyte receptors to be conjugated to such reporter QDs. In particular, 

molecularly imprinted polymers (MIPs) and aptamers have been invoked to 

develop novel analytical methodologies. 

MIPs offer a cheap and versatile platform for molecule-specific recognition. 

Literature available on the subject frequently underlines the biomimetic properties 

exhibited by these polymers, with substrate-selective mechanism mimicking those 

found in natural entities such as antibodies and enzymes. In this line, incorporation 

of QDs into MIPs has been investigated for caffeine detection, obtaining very 
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satisfactory results. These preliminary but important analytical results 

demonstrated that it is possible to couple QDs with the selective recognition 

capability of MIPs, opening new possibilities for the development of QD-based 

analytical assays. 

On the other hand, very recently the possibility to resort aptamers as a new 

type of recognition elements that can be used in combination with QDs for 

analytical applications has been demonstrated. Aptamers, that is, single-stranded 

DNA or RNA molecules with a ligand-binding ability, exhibit many important 

advantages as recognition elements in biosensing when compared to traditional 

antibodies, such as small size, chemical stability, and high flexibility in the design of 

their structures. In a recent preliminary paper, QDs haves been used to encode 

aptamer-linked nanostructures sensitive to adenosine and cocaine, respectively. 

This research area is also very promising, so much effort is presently dedicated to 

the combination of QDs with aptamers. 

 Immobilization of QDs in sensing platforms  

The use of QDs in sensing configurations has seen considerable progress with a 

wide range of chemical and biosensing configurations already demonstrated. 

However, the application of these sensing principles in practical devices requires 

the immobilization of functionalized QDs in standard sensing platforms, such as 

optical fibers and integrated optical chips.  

To date, there have been very few reports on the use of QDs to obtain optical 

fiber or Lab-on-a-Chip (LOC) devices. To this end, versatile immobilization 

techniques need to be developed, ranging from layer-by-layer assembly (LbL) to 
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sol-gel or polymer encapsulation, that allow to preserve the unique optical 

properties of QDs.  

In this context, a considerable increase in the number of solid platform based 

QD sensors is to be expected soon. In particular, the convergence of many of the 

reported techniques will allow to implement high performance instruments: using 

LbL, the inner surface of microstrucured optical fibers can be functionalized with 

highly selective QD-antibody conjugates allowing for sensitive FRET detection of 

different species in simultaneous assays. Coupling such devices with microfluidic 

capabilities will enable the design of high throughput sensing tools. QDs will also 

play different roles either as an optical source, as detectors or a sensors. 

Ultimately, QDs sources themselves can be transformed into extremely sensitive 

sensing devices. Considering current developments, it is expected that in the near 

future QD based devices will play an important role in a new generation of 

nanotechnological instruments. 
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La 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 el 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. 

Dentro de las aportaciones científicas más relevantes e innovadoras derivadas 

de esta Tesis cabe diferenciar especialmente el empleo de QDs como herramienta 

explotando propiedades no fotoluminiscentes, y el desarrollo y empleo de 

nanopartículas híbridas derivadas de QDs. 

 En el primer caso, se ha demostrado como las propiedades redox de los 

QDs permiten desarrollar métodos simples de análisis. Ello es debido a dos 

factores: por una parte a la posibilidad que ofrecieron los QDs de efectuar 

reacciones redox en medios orgánicos, aspecto que permite en determinados casos 

simplificar los procesos de tratamiento de muestra, y por otra, a las propiedades 

catalíticas de los QDs que permiten acelerar reacciones pero también estabilizar 

intermedios y productos de reacciones redox. Las limitaciones que deben 

resolverse para poder aplicar de forma sistemática su uso en diferentes procesos 

de óxido-reducción son: un mayor conocimiento sobre el mecanismo de actuación, 

y un mayor conocimiento sobre cómo afecta la funcionalización de los QDs sobre 

sus propiedades redox.  
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 En el segundo caso, hemos demostrado que es posible combinar QDs con 

nanopartículas de carbono, nanopartículas coloidales de plata, o incluso con otros 

QDs. Las nanopartículas híbridas obtenidas presentan propiedades diferentes que 

permiten simplificar los procesos y/o desarrollar nuevas estrategias de análisis.  

 En el caso de combinar QDs con nanotubos de carbono se obtiene un 

material híbrido QDs-CNTs que presenta las propiedades adsortivas de los CNTs 

y las propiedades fotoluminiscentes de los QDs. Si bien ello puede explotarse, 

aún presenta importantes limitaciones como son su dificultad de purificación y 

la baja fluorescencia de las nanopartículas. Es decir, el acoplamiento de los QDs 

situados sobre los CNT no conduce a un aumento de las propiedades 

fluorescentes de los QDs, sino todo lo contrario, se observó una atenuación 

significativa de la fluorescencia. Por otra parte para explotar su empleo en otras 

aplicaciones luminiscentes, diferentes a la desarrollada en esta tesis, debe 

conjugarse con ligandos que proporcionen una interacción selectiva. Sólo en el 

caso en el que estos ligandos se unan a la superficie del CNT situándolos cerca 

de los QDs estaría justificado el empleo de estas nanopartículas híbridas. En 

caso de producirse una interacción directa con el QD, el empleo de estas 

nanopartículas no ofrecería ventajas puesto que como se ha indicado antes no 

se observó un aumento de las propiedades fluorescentes. Considerando las 

propiedades conductoras y eléctricas de los CNTs y de los QDs, las 

nanopartículas híbridas QD-CNT si presentan un potencial muy grande para el 

desarrollo de nuevos sistemas electroquímicos y/o electroluminiscentes. 

 Respecto a las nanopartículas híbridas de QDs y plata, Ag-QDs, la hipótesis 

de partida era que los QDs debido a sus propiedades semiconductoras fueran 
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capaces de contribuir al plasmon de resonancia de las nanopartículas de Ag 

cuando la radiación laser excitara los electrones de conducción de los QDs. Ello, 

combinado con la asimetría que el QD introduce en las nanopartículas de Ag, 

debería provocar una amplificación del campo eléctrico actuando el QD como 

punto de amplificación. Esto debería traducirse en aumentos exponenciales de 

la intensidad al medir la respuesta Raman de analitos en presencia de estas 

nanopartículas híbridas. Los resultados obtenidos demostraron que los QDs 

participaban activamente en la reducción de la plata obteniendo Ag coloidal de 

mayor dimensión y de morfología esponjosa. El proceso se caracterizó además 

por su elevada reproducibilidad. Con respecto a la amplificación obtenida, se 

observó un aumento de la intensidad de la señal Raman en un factor de 5, lo 

que se atribuyó a las ventajas que ofrece la nueva estructura del nanomaterial 

Ag-QD obtenido y no a un efecto de amplificación del campo. Esta línea de 

investigación debe seguirse estudiando, puesto que se obtiene un sistema con 

alta reproducibilidad y debe insistirse en conseguir las condiciones óptimas del 

proceso sintético en las que se logre que el QD actúe como punto de 

amplificación. De este modo se dispondría de una mayor contribución a las 

medidas Raman por SERS, lo que permitiría el desarrollo de aplicaciones aún 

más interesantes que las conseguidas en los trabajos presentados en esta 

Memoria. 

 De acuerdo a la bibliografía las nanopartículas individuales separadas a 

distancias moleculares presentan un acoplamiento de sus campos 

electromagnéticos, y por consiguiente una exaltación de sus propiedades. En 

base a esta idea sintetizamos nanopartículas híbridas de QDs enlazados 

covalentemente mediante el empleo de moléculas ditiofuncionalizadas. Si bien 
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se obtuvieron dímeros, trímeros, y cadenas de mayor longitud, no se consiguió 

ni la síntesis selectiva ni la purificación individual de las especies para su 

evaluación fluorimétrica. Si ha sido posible demostrar que una vez que el analito 

ha interaccionado con el QD, la formación de estas estructuras híbridas ofrece 

ventajas en la respuesta analítica, como por ejemplo una amplificación de la 

señal fluorescente. Por ello, un mayor control y posibilidad de disponer de estas 

nanopartículas híbridas de forma individual permitiría el desarrollo de nuevas 

aplicaciones analíticas con importantes ventajas. No cabe duda de que se trata 

de una prometedora línea de investigación en la que se debe seguir trabajando. 

Además de estas dos grandes contribuciones, posiblemente las más 

relevantes, son también de destacar las aportaciones realizadas en el ámbito de la 

caracterización de QDs, concretamente el desarrollo de métodos electroforéticos. 

Aunque ha quedado ampliamente demostrado el potencial de la técnica, la falta de 

estándares que permita relacionar de forma rápida las características de los QDs 

con los tiempos de migración electroforéticos limita en gran medida su campo de 

aplicación. 

Por otra parte, dentro del área de las estrategias luminiscentes basadas en el 

empleo de los QDs, se han conseguido también varias contribuciones significativas 

que deben ser mencionadas. 

 La síntesis de QDs quirales y su empleo para la determinación 

enantioselectiva de compuestos y resolución de mezclas racémicas es, a nuestro 

juicio, una aportación significativa, de gran interés sobre todo para el sector 
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farmacéutico. Sin embargo, las limitaciones a vencer en este caso son la búsqueda 

y empleo de ligandos quirales selectivos. 

 La posibilidad de utilizar los QDs no sólo para el desarrollo de (bio)sensores 

para la detección de especies orgánicas e inorgánicas, sino también para la 

determinación de nanopartículas (como por ejemplo fullerenos), y 

microorganismos (como bacterias gran-negativas E. Coli). 

 La metodología desarrollada para la determinación de nanopartículas de 

fullereno en aguas de río, se puede considerar como una aportación muy 

importante en el campo medioambiental, ya que el uso creciente uso de 

nanopartículas en la industria esta derivando en un aumento significativo de la 

presencia de nanopartículas en el medio ambiente con sus consecuentes 

efectos adversos. Existe aquí un punto de inflexión interesante, ya que no solo 

se propone el uso de nanopartículas como herramienta sino que serían las 

nanopartículas el propio objeto de análisis. 

 Se ha demostrado que los QDs ofrecen la oportunidad de desarrollar 

(bio)sensores para la detección de microorganismos, concretamente la bacteria 

E. Coli, con una sensibilidad muy alta utilizando QDs derivatizados con el 

antibiótico colistina para su reconocimiento selectivo. Ha quedado pendiente 

evaluar la posibilidad de desarrollar variantes de la metodología desarrollada, 

utilizando otro tipo de antibióticos o ligandos para funcionalizar los QDs, y así 

extender la aplicación a la detección de otros tipos de microorganismos. Pero 

sin duda alguna supone un interesante aporte que debería estudiarse en 

profundidad para explotar al máximo el potencial de los QDs en la detección de 

microorganismos. 
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Si reflexionamos sobre el empleo sistemático y la implantación de QDs en los 

laboratorios de análisis, además de los problemas de biocompatibilidad, deben 

vencerse a nuestro juicio los siguientes aspectos. 

 La posibilidad de controlar de una forma eficaz y eficiente la fotoactivación 

de QDs con objeto de disponer de procedimientos reproducibles y transferibles. 

 La necesidad de disponer de procedimientos simples y fiables y aplicables a 

todos los tipos de QDs, independientemente de su proceso de síntesis y su tipo de 

funcionalización, para determinar la concentración exacta de las disoluciones de 

QDs. 

 Un mayor desarrollo teórico y practico que permita conocer y controlar la 

capa de ligandos que rodea a los QDs tras los procesos de síntesis, purificación, y 

funcionalización. Esto es porque para muchas aplicaciones sería necesario saber el 

numero exacto de ligandos o (bio)moléculas que se han conjugado con éxito a la 

superficie de un QD. 

A la vista de los avances producidos en los últimos años, así como de los 

nuevos retos y oportunidades que ofrecen los QDs, no dudamos de su futuro 

impacto en el análisis químico, a pesar de las limitaciones que aún deben 

superarse. En este sentido, en la sección VII.3 de esta Memoria se recogen las 

perspectivas de futuro de los QDs en el desarrollo de la Nanociencia y 

Nanotecnología Analíticas.  
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The preparation of this Report, once the experimental work has been finished, 

together with the experience gained during this thesis has provided a general and 

more objective view of the work developed. It is therefore important and enriching 

to conduct a critical assessment of the results achieved and evaluate, on the one 

hand, the main contributions that the work can make to the scientific community, 

and secondly, the deficiencies and shortcomings with a view to planning future 

research. 

Among the most relevant and innovative scientific contributions derived from 

this thesis can be distinguished especially the use of QDs as a tool exploiting their 

non-photoluminescent properties and the development and use of hybrid 

nanoparticles derived from QDs. 

 In the first case, we have demonstrated how redox properties of QDs allow 

to develop simple methods of analysis. This is due to two factors: firstly the 

potential of QDs to react in organic media, aspect which sometimes allows the 

simplification of sample treatment, and secondly, the catalytic properties of the 

QDs which speed up reactions but also stabilize intermediates and products of 

redox reactions. The limitations that must be solved for applying systematically the 

QDs in various redox processes are: a greater understanding of their action 

mechanism and a better knowledge on the effect of the functionalization of QDs on 

their redox properties. 

 In the second case, we have shown that QDs can be combined with carbon 

nanoparticles, colloidal silver nanoparticles, or with other QDs. The resultant hybrid 
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nanoparticles have different properties which allow to simplify the processes 

and/or develop new strategies of analysis. 

 The combination of QDs with carbon nanotubes results in a hybrid material 

QDs-CNTs that presents the adsorptive properties of CNTs and the 

photoluminescent properties of the QDs. While this can be exploited, it still has 

significant limitations such as difficulty of purification and the low fluorescence 

of the hybrid nanoparticles. That is, the coupling of the QDs located on the CNT 

does not lead to an increase in the fluorescent properties of QDs, but on the 

contrary, we observed a significant quenching of fluorescence. On the other 

hand, to exploit its use in other luminescent applications different from that 

developed in this thesis, they must be conjugated with ligands which provide a 

selective interaction. Only when these ligands are coupled to the CNT surface 

near the QDs would be justified the use of these hybrid nanoparticles. In the 

case of a direct interaction with the QD, the use of these nanoparticles would 

not offer advantages since, as noted above, was not observed an increase in the 

fluorescent properties. Considering the conductive and electrical properties of 

CNTs and QDs, the QDs-CNTs hybrid nanoparticles do have a great potential for 

the development of new electrochemical and/or electroluminescent systems. 

 Regarding hybrid nanoparticles of QDs with silver, Ag-QDs, the starting 

hypothesis was that the QDs due to their semiconducting properties were able 

to contribute to the plasmon resonance of the Ag when the laser radiation 

excites the conduction electrons of the QDs. This, combined with the 

asymmetry that QDs introduce into Ag nanoparticles, should lead to an 

amplification of the electric field acting the QD as a hot spot. This should result 
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in the exponential increase of the intensity of the Raman response of analytes in 

the presence of these hybrid nanoparticles. The obtained results showed that 

QDs were actively involved in the reduction of silver getting larger and spongy 

morphology. The process was also characterized by its high reproducibility. With 

regard to the amplification achieved, it was an increase in Raman signal 

intensity of 5 times, which was attributed to the benefits of the new structure of 

the Ag-QD nanomaterial obtained and not to the amplification field effect. This 

line of research should be further explored since the system has a high 

reproducibility. Emphasis should be placed on finding the optimum conditions 

of the synthetic process in which the QDs acts as a hot spot. Thus, it would be 

possible further contributions to the Raman measurements by SERS, enabling 

the development of applications even more interesting than those achieved in 

the work presented in this report. 

 According to the literature, individual nanoparticles separated molecular 

distances present a coupling of their electromagnetic fields, and therefore an 

exaltation of their properties. Based on this idea, we synthesized hybrid 

nanoparticles of QDs covalently bonded by using dithiofunctionalized 

molecules. Dimers, trimers, and longer chains were obtained, not being possible 

the selective synthesis nor the purification of individual species for their 

fluorimetric assessment. However, if it has been possible to demonstrate that 

once the analyte interacts with the QD, the formation of these hybrid structures 

offers advantages in the analytical response, such as a fluorescent signal 

amplification. Therefore, a greater control and the possibility to have these 

hybrid nanoparticles individually would allow the development of new analytical 
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applications with significant advantages. There is no doubt this is a promising 

line of research that must be further investigated. 

In addition to these two major contributions, possibly the most relevant, there 

are also to highlight the contributions made in the field of the characterization of 

QDs, specifically the development of electrophoretic separation methods. Although 

it has been widely demonstrated the potential of the technique, the lack of 

standards which allows to correlate quickly the characteristics of QDs with 

electrophoretic migration times severely limits its scope.  

Moreover, within the area of luminescent strategies based on the use of QDs, 

several significant contributions should be mentioned. 

 The synthesis of chiral QDs and their use for the enantioselective 

determination of compounds and the resolution of racemic mixtures is, in our view, 

a significant contribution of great interest especially for the pharmaceutical sector. 

However, the limitations to overcome in this case are the search and use of 

selective chiral ligands.  

 The possibility of using QDs not only for the development of (bio)sensors 

for detection of organic and inorganic species, but also for the determination of 

nanoparticles (e.g. fullerene), and microorganisms (such as gram-negative bacteria 

E. Coli) is an important aspect that increases the potential of application of QDs. 

 The analytical methodology developed for the determination of fullerene 

nanoparticles in river waters can be considered a very important contribution in 

the environmental field, as the increasing use of nanoparticles in industry is 
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leading to a significant increase in the presence of nanoparticles in the 

environment, with their consequent adverse effects. There is here an interesting 

inflection point, as it not only proposes the use of nanoparticles as a tool but 

the nanoparticles are also the target of analysis. 

 It has been demonstrated that QDs offer the opportunity to develop 

(bio)sensors for detection of microorganisms, specifically bacteria E. Coli, with 

high sensitivity using QDs functionalized with the antibiotic colistin for selective 

recognition. It is necessary to undergo further studies to evaluate the possibility 

of developing variants of the methodology, using antibiotics or other ligands to 

functionalize the QDs, thus extending the application to the detection of other 

microorganisms. We think it is an interesting contribution that should be 

studied in depth in order to maximize the potential of QDs in the detection of 

microorganisms. 

Reflecting on the systematic use and implementation of QDs in the 

laboratories of analysis, besides the problems of biocompatibility, in our opinion 

the following aspects must be overcome. 

 The ability to control in an effective and efficient way the photoactivation 

of QDs in order to have reproducible and transferable procedures. 

 The need of simple, reliable and applicable to all types of QDs, regardless of 

their synthesis and functionalization procedure, to determine the exact 

concentration of the solutions of QDs. 

 A more theoretical and practical development to understand and control 

the layer of ligands on the QDs surface after the processes of synthesis, purification 
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and functionalization. The importance of this aspect is because for many 

applications knowing the exact number of ligands or (bio)molecules that have been 

successfully conjugated to the surface of a QD is required. 

In view of the progress made in recent years, as well as new challenges and 

opportunities offered by QDs, there is no doubt about their future impact on the 

chemical analysis, despite the limitations that still must be overcame. To this 

regard, section VII.3 of this report summarizes the future perspectives of the QDs in 

the development of Analytical Nanoscience and Nanotechnology. 
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1. Quantum dots luminiscence enhancement due to illumination with UV/Vis 

light. 

- C. Carrillo-Carrión, S. Cárdenas, B. M. Simonet, M. Valcárcel. 

- Publicado en la revista Chemical Communication (35, 2009, 5214).  

- Índice de Impacto: 5.504 (posición 16 de 140 revistas en el área de Química 

Multidisciplinar según el Journal Citation Report de 2009). 

2. Selective Recognition of Carnitine Enantiomers using Chiral Cysteine capped 

CdSe(ZnS) Quantum dots. 

- C. Carrillo-Carrión, S. Cárdenas, B. M. Simonet, M. Valcárcel. 

- Publicado en la revista Analytical Chemistry (81, 2009, 4730).  

- Índice de Impacto: 5.214 (posición 3 de 70 revistas en el área de Química 

Analítica según el Journal Citation Report de 2009). 

3. Capillary Electrophoresis Method for the Characterization and Separation of 

CdSe Quantum Dots. 

- C. Carrillo-Carrión, Y. Moliner-Martínez, B. M. Simonet, M. Valcárcel. 

- Publicado en la revista Analytical Chemistry (83, 2011, 2807).  

- Índice de Impacto: 5.214 (posición 3 de 70 revistas en el área de Química 

Analítica según el Journal Citation Report de 2009). 

4. Rapid fluorescence determination of diquat herbicide in food grains using 

quantum dots as new reducing agent. 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel. 

- Publicado en la revista Analytica Chimica Acta (692, 2011, 103).  

- Índice de Impacto: 3.757 (posición 5 de 70 revistas en el área de Química 

Analítica según el Journal Citation Report de 2009). 
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5. Carbon nanotube-quantum dot nanocomposites as new fluorescence 

nanoparticles for the determination of trace levels of PAHs in water. 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel. 

- Publicado en la revista Analytica Chimica Acta (652, 2009, 278).  

- Índice de Impacto: 3.757 (posición 5 de 70 revistas en el área de Química 

Analítica según el Journal Citation Report de 2009). 

6. Rapid detection of Escherichia Coli bacteria using Colistin-functionalised 

CdSe/ZnS QDs as fluorescent probe. 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel. 

- Aceptado en la revista Biosensors and Bioelectronics.  

- Índice de Impacto: 5.429 (posición 2 de 70 revistas en el área de Química 

Analítica según el Journal Citation Report de 2009). 

7. Beyond the fluorescence of Quantum Dots: A review of their uses based on 
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- Enviado a la revista Chemical Society Reviews. 

- Índice de Impacto: 20.086 (posición 2 de 140 revistas en el área de Química 

Multidisciplinar según el Journal Citation Report de 2009). 

8. Determination of amines based on their interaction with QDs: effect of the QD-

assemblies formation. 
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- Enviado y en revisión en la la revista Analytica Chimica Acta.  

- Índice de Impacto: 3.757 (posición 5 de 70 revistas en el área de Química 

Analítica según el Journal Citation Report de 2009). 
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9. A novel photoluminiscence QD-NAD+ cofactor as system for coupling with 

NAD+/ NADH-dependent redox enzimatic reactions. 

- C. Carrillo-Carrión, S. Cárdenas, B. M. Simonet, M. Valcárcel. 

- Enviado y en revisión en la la revista Analytica Chimica Acta.   
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10.  Calix[8]arene coated CdSe/ZnS Quantum Dots as C60-nanosensor. 
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- Enviado y en revisión en la revista Analytical Chemistry.  

- Índice de Impacto: 5.214 (posición 3 de 70 revistas en el área de Química 

Analítica según el Journal Citation Report de 2009). 

11.  (CdSe/ZnS QDs)-Ionic Liquid-based Headspace Single Drop Microextration.             

A novel approach for the fluorimetric determination of trimethylamine in fish. 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel. 

- Enviado a la revista Analytical Chemistry.  

- Índice de Impacto: 5.214 (posición 3 de 70 revistas en el área de Química 

Analítica según el Journal Citation Report de 2009). 

12.  CdSe/ZnS QDs for the simple determination of unmetabolized folic acid in 

urine as biomarker of certain disorders. 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel. 

- Enviado a la revista Analytical and Bioanalytical Chemistry.  

- Índice de Impacto: 5.214 (posición 3 de 70 revistas en el área de Química 

Analítica según el Journal Citation Report de 2009). 
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13.   Determination of trinitrotoluene explosive based on its selectively interaction 

with Creatinine-modified CdSe/ZnS QDs. 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel. 

- Enviado a la revista Small.  

- Índice de Impacto: 6.171 (posición 13 de 140 revistas en el área de Química 

Multidisciplinar según el Journal Citation Report de 2009). 

14.   Effect of the addition of Quantum Dots on the formation of colloidal silver 

and they use as SERS substrate. 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel, B. Lendl. 

- Enviado a la revista Journal of Physical Chemistry B.  

- Índice de Impacto: 3.471 (posición 32 de 121 revistas en el área de Química 

Física según el Journal Citation Report de 2009). 

15.  Determination of pesticides by µLC-(microdispenser) at line coupled to SERS 

detection using a novel Silver-Quantum Dots “sponge” nanocomposite. 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel, B. Lendl. 

- Enviado a la revista Journal of Chromatography A. 

- Índice de Impacto: 4.101 (posición 4 de 70 revistas en el área de Química 

Analítica según el Journal Citation Report de 2009). 

16.  Determination of pyrimidine and purine bases by reversed-phase capillary-

liquid chromatography at-line coupled surface-enhanced Raman spectroscopy 

with Silver-Quantum dots substrate. 
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- Enviado a la revista Analytical Chemistry.  

- Índice de Impacto: 5.214 (posición 3 de 70 revistas en el área de Química 

Analítica según el Journal Citation Report de 2009). 
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17.   A novel Silver-Quantum dots SERS Substrate for Explosives Detection and DNT 

isomers discrimation using PLS technique. 

- C. Carrillo-Carrión, B. Zachhuber, B. Lendl. 

- Enviado a la revista Journal of Raman Spectroscopy.  

- Índice de Impacto: 3.147 (posición 7 de 39 revistas en el área de 
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1. NANOUCO-I Encuentro sobre Nanociencia y Nanotecnología de Investigadores 

y Tecnólogos de la UCO (Córdoba, España, 2007). 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel. 

- Póster 1: Cofactor QD-NAD+/QD-NADH conjugate for enzimatic reactions. 

- Póster 2: Conjugación de QDs con CNTs: Síntesis y potencial analítico como 

nuevas partículas luminiscentes. 

- Póster 3: Selective determination of carnitine enantiomers using cysteine 

capped CdSe(ZnS) quantum dots. 

2. XIII International Symposium on Luminiscence Spectrometry (Bolonia, Italia, 2008). 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel. 

- Póster 1: QD-NAD+/QD-NADH conjugate as fluorimetric cofactor for 

enzimatic reactions.. 

- Póster 2: Cysteine capped CdSe(ZnS) Quantum dots for selective 

fluorimetric determination of carnitine enantiomers. Premiado con un 

Poster Award. 

3. II Workshop Nanociencia y Nanotecnología Analíticas (Tarragona, España, 2008). 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel. 

- Póster: Conjugación de QDs con CNTs: Síntesis y potencial analítico como 

nuevas partículas luminiscentes. 

4. Congreso Internacional NanoSpain (Zaragoza, España, 2009). 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel, B. Lendl. 

- Comunicación Oral: Ag-coated CdSe/ZnS quantum dots: optical properties 

and analytical potential. 
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5. III Workshop Nanociencia y Nanotecnología Analíticas (Oviedo, España, 2009). 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel. 

- Póster: Calix[8]arene coated CdSe/ZnS Quantum Dots as C60-nanosensor. 

6. NANOUCO-II Encuentro sobre Nanociencia y Nanotecnología de Investigadores 

y Tecnólogos de la UCO (Córdoba, España, 2010). 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel. 

- Comunicación Oral: Calix[8]arene coated CdSe/ZnS Quantum Dots as C60-

nanosensor. 

7. XII Reunión del Grupo Regional Andaluz de la Sociedad Española de Química 

Analítica (Córdoba, España, 2010). 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel. 

- Póster: Determinación Fluorimétrica del herbicida Diquat en Cereales 

usando los Quantum Dots como agente reductor. 

8.  IV Workshop Nanociencia y Nanotecnología Analíticas (Zaragoza, España, 2010). 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel. 

- Comunicación Oral: Método simple y rápido de electroforesis capilar para 

la separación y caracterización de CdSe QDs. 

- Póster 1: Método simple y rápido de electroforesis capilar para la 

separación y caracterización de CdSe QDs. 

- Póster 2: Determinación de Acido Fólico no-metabolizado en orina como 

biomarcador de ciertas patologías basado en su reducción con CdSe/ZnS 

Quantum Dots. 
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9. VI Congreso Ibérico de Espectroscopia - XXII Reunión Nacional de Espectroscopia 

(Oporto, Portugal, 2010). 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel, B. Lendl. 

- Comunicación Oral: A novel Ag-QDs “sponge” nanocomposite as SERS-

active substrate. 

- Póster 1: A novel Silver-Quantum Dots “sponge” nanocomposite as SERS-

active substrate. 

- Póster 2: µLC-SERS system using Silver-Quantum Dots substrate for the 

separation and determination of nucleic acid bases. 

10.   28th International Symposium on Chromatography (Valencia, España, 2010). 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel. 

- Comunicación Oral: Hyphenated µLC-SERS system using a novel Ag-QDs 

“sponge” nanocomposite. 

- Comunicación Oral: Simple and rapid capillary electrophoresis method for 

the characterization and separation of CdSe Quantum dots. 

11.   Workshop Spain-Japan, NANOJASP 2010 (Barcelona, España, 2010). 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel. 

- Póster: CdSe/ZnS QDs for the simple determination of unmetabolized folic 

acid in urine as biomarker of certain disorders. 

12.   XXII International Conference on Raman Spectroscopy (Boston, USA, 2010). 

- C. Carrillo-Carrión, B. M. Simonet, M. Valcárcel, B. Lendl. 

- Póster: SERS Detection in Capillary Separation Systems. 
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