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A. INTRODUCCION






INTRODUCCION

A.1 NANOCIENCIA Y NANOTECNOLOGIA

El espectacular desarrollo cientifico de la llamada Nanotecnologia en los Ultimos afios ha
propiciado que la Nanociencia y la Nanotecnologia se acepten hoy como nuevas disciplinas
cientifico/tecnoldgicas de tal modo que la Nanotecnologia se ha considerado la “Revolucidn

Industrial del siglo XXI”?.

A la hora de introducir los conceptos de Nanociencia y Nanotecnologia conviene, en primer
lugar, distinguir los dos términos que los componen: “ciencia” y “tecnologia”. El primero se
refiere a la busqueda de principios capaces de explicar el comportamiento de las entidades que
nos rodean y de nosotros mismos; el segundo se refiere al conjunto de conocimientos,
instrumentos y procedimientos que nos permiten manipular y modificar nuestro entorno?. Por
otro lado, el prefijo “nano” (término griego que significa “enano”) denota una amplia gama de
fendmenos y objetos cuyas dimensiones se encuentran en el orden de magnitud de una
millonésima de milimetro (10° m). En esta dimensién, las propiedades fisico-quimicas de los
materiales estan controladas por fenémenos diferenciados, caracteristicos de dicha nanoescala.

”3

La definicion para la “nanoescala” ? segun la International Organization for Standarization (ISO)

es el intervalo de tamafios comprendido desde aproximadamente 1 nm hasta 100 nm.

En el afio 1959, el Premio Nobel de Fisica Richard P. Feynman?, en su famosa conferencia
“There’s plenty of room at the bottom”, pronosticaba que se producirian grandes e importantes
descubrimientos si se conseguia manipular los materiales a dimensiones atdmicas o
moleculares. Sin saberlo, Feynman establecia asi las bases de un nuevo campo cientifico. Mas
tarde, en 1974, el japonés Norio Taniguchi® empled por primera vez el término “Nanotecnologia”

para sefialar la capacidad de manejar materiales a nivel nanométrico.

A.1.1 Definicion

Resulta complejo elaborar una definicién de Nanociencia y Nanotecnologia que satisfaga a todos

los investigadores y tecnélogos que trabajan en dichas disciplinas

Si bien existen multiples definiciones posibles, una de las definiciones de la Nanociencia mas
completa y actual es la que considera esta disciplina como el estudio de los fendmenos y la
manipulacion de materiales a nivel atdmico, molecular o macromolecular, donde las
caracteristicas o propiedades fisicas o quimicas difieren significativamente de las presentadas

por el mismo material a una escala mayor®’. Otra definicién alternativa, mas general, considera
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la Nanociencia como aquella ciencia basada en diversas estructuras de la materia que tienen

dimensiones en el entorno de 10° m 8.

Por otra parte, el término Nanotecnologia se puede entender como el disefio, caracterizacion,
produccién y uso de estructuras, dispositivos y sistemas cuya forma y tamafio se controlan a
escala nanométrica®. Otra definicion mucho mds amplia de este término es que la
Nanotecnologia estaria constituida por una combinacion de técnicas de muy diversa
procedencia cuya finalidad es la investigacion y desarrollo tecnoldgico a nivel atémico,
molecular y supramolecular para suministrar el conocimiento fundamental de los fenémenos y
los materiales en la escala nanométrica, con objeto de poder crear y usar estructuras,
dispositivos y sistemas con nuevas propiedades y funciones originadas por el especial

comportamiento de la materia cuando su tamafo deja de ser macroscépico.

A partir de estas definiciones, y dejando aparte el tamafo, la Nanotecnologia desarrolla
aplicaciones emergentes derivadas de la Nanociencia, mientras que la Nanociencia trata de
sistemas funcionalizados, bien basados en el uso de subunidades que tienen propiedades
especificas dependientes del tamafio, o bien en subunidades funcionalizadas individuales o
combinadas®. Puesto que el término Nanotecnologia abarca un amplio conjunto de
herramientas, técnicas y aplicaciones potenciales, la Royal Society of Science ha encontrado mas

apropiado emplear el término Nanotecnologias®.

Alternativamente, la Comisidn Europea®® considera que la Nanociencia y la Nanotecnologia (de
forma conjunta) son un compendio de nuevos enfoques de la investigacidn y el desarrollo cuya
finalidad es controlar la estructura fundamental y el comportamiento de la materia en el nivel
de los atomos y moléculas. De manera que, por un lado, es posible ampliar el conocimiento
bésico de los fendmenos a escala atdmica/molecular (ciencia); y por otro, desarrollar nuevos
materiales y dispositivos con nuevas propiedades, funciones y aplicaciones, que se diferencian
significativamente de las esperadas para tales materiales/dispositivos con dimensiones por

encima de los 100 nm (aproximadamente).

A.1.2 Impacto social de la Nanociencia y la Nanotecnologia

Los progresos cientificos y tecnoldgicos conseguidos en los Ultimos afios en este campo han
permitido el desarrollo de nuevos conceptos, herramientas y técnicas para disefiar, fabricar y
caracterizar materiales o dispositivos “nano” con gran precision. De este modo, la
Nanotecnologia se va diferenciando de otras disciplinas mas conocidas tales como la Ciencia de

los Materiales, la Quimica, etc., a la vez que contribuye poderosamente a su expansién®,
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De hecho, las aplicaciones de esta ciencia/tecnologia han alcanzado casi todos los aspectos de
nuestra vida 2: asi la Figura 1 muestra, esquemdticamente, algunas de las &reas cientifico-
tecnoldgicas donde ya se emplean materiales y/o procesos en el ambito de la nanoescala con
avances importantes en campos tan diversos como la medicina, produccién y almacenamiento
de energia, electréonica y comunicaciones, seguridad y defensa y transportes. Es decir, su
impacto es multidisciplinar y transversal, se debilitan las fronteras clasicas entre la Fisica, la

Quimica y la Biologia y se favorecen nuevas y numerosas dreas de aplicacién®*314,

Desarrollo Desarrollo Aeroespacio . Programacion § Almacenamiento 1 2y Dispositivos
. 5 Cosmeéticos o i Automéviles L
de farmacos de tejidos Defensa cudntica de datos H médicos
Administracién Bienes de Libros ] Fotnica | 1 Control Consumidores
de farmacos consumo Embalaje i ! i contaminacién i electrénicos
Lol -
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Figura 1. Areas de aplicacién actuales de la Nanotecnologia®®.

Ademas, la Nanociencia y la Nanotecnologia han tenido un gran impacto econémico (que ha
despertado enorme interés entre los organismos de financiacién tanto publicos como privados)
en los paises mas desarrollados del mundo. En realidad, en los ultimos afos, la Nanociencia y la
Nanotecnologia presentan uno de los crecimientos mas rapidos en Investigacién y Desarrollo
(1+D). Asi, Estados Unidos cred en el afio 2000, un programa gubernamental conocido como NNI
(National Nanotechnology Initiative) en el que ya ha invertido mas de 2700 millones de ddlares.
Los paises asiaticos industrializados han promovido, desde los sectores industriales vy
gubernamentales, el desarrollo de la Nanotecnologia con inversiones similares a las de EE.UU.
Igualmente, Europa ha fomentado la investigacion en Nanotecnologia como una linea
prioritaria, dentro de los Programa Marco VI (FP6) y VII (FP7), a través de las dareas de
conocimiento denominadas NMP (Nanotecnologias y Nanociencias, materiales y produccion de
nuevas tecnologias) y TICs (Tecnologias de la Informacion y la Comunicacion). Ademas se han
creado mas de 160 redes nacionales o regionales para desarrollar y divulgar la Nanotecnologia
en Europa. Para el futuro (periodo de 2014 a 2020), la Comisién Europea acaba de elaborar un
nuevo Programa Marco (conocido como Horizonte 2020%°) que prevé invertir mas de 17.000

millones de euros en innovaciones basadas en la Nanotecnologia en diferentes ambitos de
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conocimiento y/o aplicacidn (tecnologias, transporte, energia y medio ambiente, las TIC y
electrdénica, salud y biotecnologia, y otros sectores tradicionales como textil, construccion y

ceramica).

El vertiginoso desarrollo de estas disciplinas ha favorecido también la incorporacion de
nanomateriales en bienes de consumo como cosméticos, pinturas, alimentos, etc. Debido a la
composicion, estructura y especiales propiedades de los nanomateriales, su liberacién al medio
ambiente introduce un importante riesgo para la salud humana y el medio ambiente que debera
evaluarse y, eventualmente, controlarse. De hecho, algunos cientificos han expresado ya su
preocupacién sobre los efectos a largo plazo asociados con ciertas aplicaciones
nanotecnoldgicas. En la actualidad se reconoce ya la urgente necesidad de realizar estudios que
identifiquen los riesgos, determinen la probabilidad de exposicion y en ultimo lugar evaluen las
posibles consecuencias de la liberacién de nanomateriales artificiales al medio ambiente. Esta
informacién permitird disefar estrategias que reduzcan la exposicién y se anticipen a sus
posibles efectos negativos sobre la salud, lo que permitira establecer las medidas preventivas y

de control convenientes®®'7.

A.1.3 Nanociencia y Quimica Analitica

Uno de los principales objetivos de la Quimica Analitica es el desarrollo de nuevos métodos de
analisis bien para mejorar los ya existentes o para satisfacer las demandas de informacion
quimica que plantean los nuevos problemas sociales y econdmicos. Asi pues, la Quimica
Analitica puede jugar un papel primordial en Nanociencia y Nanotecnologia: por un lado, existe
una demanda de informacién sobre la composicidn quimica y caracterizacidon de los materiales
gue se generan, mientras por otro lado, los productos nanotecnolégicos pueden ser utilizados
en el desarrollo de nuevas herramientas de analisis quimico y nuevos procedimientos analiticos

con superiores prestaciones a los actualmente existentes®2.

Las herramientas de andlisis capaces de caracterizar al maximo y predecir propiedades fisico-
guimicas de los nanomateriales proceden de muy diversos ambitos del conocimiento cientifico.
Por otro lado, el desarrollo de métodos analiticos basados en Nanotecnologias puede contribuir
a la simplificacién y/o mejora de los procesos analiticos o mejora de al desarrollo de nuevos
métodos de analisis (innovacion). Es decir, la Nanociencia y la Nanotecnologia necesitan de la
Quimica Analitica para la adecuada caracterizacién de los nanomateriales y al mismo tiempo,
estos nanomateriales pueden ofrecer vias prometedoras y de innovacién en Quimica Analitica.
Esta idea se resume en la Figura 2, donde se distinguen dos facetas clave de la relacién entre

Nanociencia, Nanotecnologia y Quimica Analitica. Como puede verse, los nanomateriales se
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pueden considerar como herramientas Utiles para la optimizacién e innovacion de cualquiera de
las etapas del proceso analitico, o bien pueden ser el objeto del andlisis (p. ej. su caracterizacién

fisico-quimica).

‘ Herramientas ‘

Nanociencia y B omateriaigh Quimica
Nanotecnologia Analitica

‘ Analitos '

Figura 2. Relacién entre Nanociencia y Nanotecnologia con Quimica Analitica.

En efecto, los nanomateriales pueden participar de manera diferente en cada una de las etapas
del proceso analitico por sus propiedades excepcionales (p. ej. mejorando las etapas de
purificacién y preconcentracion, permitiendo generar nuevas fases estacionarias basadas en
nanomateriales y participando en la etapa de deteccién)!. En resumen, la Nanociencia y la
Nanotecnologia estan doblemente integradas y en los fines de la Quimica Analitica actual dando

lugar a un nuevo campo que denominamos Nanociencia y Nanotecnologia Analiticas.
A.1.4 Nanomateriales. Definicion, clasificacion y fabricacion.

A.1.4.1 Definicidon

En la literatura se pueden encontrar multiples definiciones del término nanomaterial®®. Por esta
razon, a finales del afio 2011, la Unién Europea (UE) adopté una definicion formal de

I”

“nanomaterial” para su empleo en préximas normativas y legislaciones. Sin embargo, esta
definicion trata de tener en cuenta la heterogeneidad de nanomateriales existentes
actualmente y contempla la amplia variedad de aplicaciones que pueden ser reguladas o
contempladas en la normativa en actual, pero es muy probable que como definicién Unica no
cubra todas las necesidades futuras'®. Por ello, el Comité Cientifico de la UE deja claro que se
trata de una definicién de referencia (basada en el tamafio), es decir, a efectos reglamentarios,

que debe ser aplicable al conjunto de la legislacién de la Unién Europea y que posteriormente,

se puede adaptar y modificar a las normas a las que se aplique.
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En definitiva, la Unién Europea define nanomaterial como: material natural, accidental o
fabricado que contenga particulas, sueltas o formando un agregado o aglomerado y en el que el
50 % o mdas de las particulas en la distribucion de tamafos presente una o mds dimensiones

externas en el intervalo de tamafios comprendido entre 1 nm y 100 nm?°.

En casos especificos y cuando se justifique por la preocupacion por el medio ambiente, la salud,
la seguridad o la competitividad, la distribucion de tamafios umbral del 50% puede ser sustituida

por un umbral de entre 1% y 50%.

Como ya se ha comentado, esta definicion debe adaptarse a cada situacion o problema
concretos, y debe completarse con informacién mas precisa sobre los nanomateriales a definir.
Cuando las nanoparticulas se emplean como reactivos o simples plataformas, es necesario
conocer previamente su composicién y estructura. Esta es la razén por la que el analisis quimico
de nanoparticulas supone un reto y esta en continua evolucién. Es importante subrayar que
cualquiera que sea la aplicacién y naturaleza de las nanoparticulas, estas deberian poseer una
composicidon conocida y estable o, en caso de ser modificadas, su comportamiento deberia

haber sido estudiado y conocido de antemano?..

A.1.4.2 Clasificacion de los nanomateriales

Existe una amplia variedad de productos, en continua evolucion, que pertenecen a la categoria
de “nanomaterial”: desde nanoparticulas (NPs) y nanotubos, hasta nanohilos y nanohojas, con
distinta composicidon quimica, morfologia, propiedades, etc. Por esta razén, existen diferentes

clasificaciones de los nanomateriales en funcidn del criterio utilizado para su clasificacion.

La definicién de nanomaterial de la Comisién Europea!®, mencionada anteriormente, incluye
una clasificacién de acuerdo a su origen o naturaleza. Asi, clasifica los nanomateriales en
naturales (cenizas volcdnicas que incluyen fullerenos u O6xidos de hierro), accidentales
(originadas como consecuencia de la actividad humana, dxidos de titanio, silice o aluminio) y
fabricados de manera intencionada para su empleo en procesos industriales y bienes de

consumo (como las nanoparticulas de plata, nanotubos de carbono, los quantum dots, etc.).

Por otro lado, la EPA (Agencia de proteccién ambiental de Estados Unidos) clasifica los

principales tipos de nanomateriales en cuatro categorias®%:

- Materiales de base carbono: compuestos constituidos mayoritariamente por carbono.
Pueden presentar forma de esferas huecas o elipsoides (conocidos como fullerenos) o

tubos cilindricos (nanotubos de carbono).
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- Materiales de base metdlica: se incluyen las nanoparticulas metalicas (generalmente de

oro o plata), los nanocristales semiconductores (quantum dots) y NPs de 6xidos metalicos.

- Dendrimeros: se trata de polimeros a escala nanométrica construidos a partir de unidades
ramificadas. La superficie del dendrimero posee numerosas cadenas finales, que se
pueden modificar con determinados grupos funcionales. Ademas los dendrimeros

tridimensionales contienen cavidades en su interior que pueden incluir otras moléculas.

- Composites: Se trata de materiales que combinan distintas nanoparticulas entre si, o con

otros materiales de mayor tamano (escala macrométrica).

De forma mas simple, los nanomateriales se pueden clasificar en aquellos de naturaleza
organica, inorgdnica o mixta, distinguiendo dentro de las inorganicas entre nanoparticulas

metdlicas y las semiconductoras?*?4,

Sin embargo, las clasificaciones arriba mencionadas pueden resultar poco utiles ya que un
mismo material puede pertenecer a mds de una categoria, de modo que seria Util una

clasificacién genérica e inequivoca.

Una de las clasificaciones mds extendidas de los nanomateriales utiliza sus dimensiones como
criterio. Asi, la Figura 3 muestra nanoestructuras de 0D, 1D, 2D y 3D. Los materiales
nanoestructurados 0D tienen todas sus dimensiones dentro de la escala nanométrica (p. ej.
nanoparticulas metdlicas, quantum dots o los nanoclusters). Los nanomateriales 1D se refieren
a materiales con una de las dimensiones en el orden micro/macrométrico, entre ellos estan los
nanohilos, nanofibras o nanotubos. En el grupo de nanoestructuras 2D, los materiales poseen
dos dimensiones dentro de la escala micro/macrométrica, p. ej. nanorecubrimientos
superficiales y peliculas delgadas de nanocapas. Por Ultimo, los nanomateriales 3D, constituidos
por agrupaciones de nanomateriales de 0D, 1D o 2D, presentan las tres dimensiones del material

resultante fuera de la escala nanométrica, es decir, por encima de los 100 nm.

oD 1D 2D 3D

nanoesferas nanohilos nanoldminas nanoestructuras

Figura 3. Clasificacidn de los nanomateriales en funcion de sus dimensiones®.
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A.1.4.3 Principales vias para la fabricacion de nanomateriales

La fabricacion de nanomateriales y el control de su produccién precisa de tecnologias que

permitan trabajar de forma fiable, precisa y reproducible a escala nanométrica.

En general, se distinguen dos estrategias para la produccidn, caracterizacion y modelado de

nanomateriales®32¢;

a) La alternativa “top-down” (de arriba hacia abajo) usualmente se emplea en la industria
y se refiere a procedimientos de fabricacidn que obtienen nanomateriales por reduccién de
tamafio (grabado, fresado o mecanizado) y que requieren el empleo de instrumentacién
compleja. Esta estrategia depende, en gran medida, de los avances futuros para obtener mejor
precision en la produccién y ensamblaje de las partes que conforman el material final. Los
métodos “top-down” mas utilizados son el mecanizado ultrapreciso y técnicas litograficas como
la fotolitografia y la litografia por haces de electrones, las cuales ofrecen buena fiabilidad pero
generalmente consumen mucha energia y producen mas residuos que otras alternativas.
Empleando esta estrategia ha sido posible conseguir chips comerciales capaces de almacenar

millones de bits de informacidn y también espejos dpticos de alta calidad.

b) Un enfoque diferente se basa en la posibilidad de construir objetos de mayor tamafio a
partir de sus componentes atdmicos y moleculares. Esta alternativa, que se conoce como
“bottom-up” (de abajo hacia arriba), fue propuesta por E. Drexler en 1986 y utiliza las
propiedades de las moléculas individuales para que se produzca la organizacion espontdnea de
las mismas en una conformacién particular; obteniendo un grado de control de tamafio y
propiedades muy dificil de conseguir mediante las técnicas “top-down”. Un ejemplo de esta via
es la Microscopia de Fuerza Atémica (AFM), que habitualmente se emplea para obtener
imagenes a escala atdmica de la estructura de los materiales pero también puede emplearse
para reemplazar o reorganizar atomos en una superficie. Los métodos de sintesis de ciertas
nanoparticulas que se generan tras una reaccion adecuada de compuestos que contienen los

elementos que forman un material semiconductor seria otro ejemplo de esta alternativa.

A.2 QUANTUM DOTS

El término Quantum dot (QD) se emplea para definir un tipo de nanomaterial constituido por
nanocristales semiconductores coloidales. Pueden recibir otros nombres como atomos
artificiales’”’, nanoparticulas semiconductoras, semiconductores nanométricos o puntos
cuanticos, si se realiza la traduccién del término al idioma espafiol?®. Se trata de particulas

nanoestructuradas OD ya que todas sus dimensiones se encuentran en la escala nanométrica.

10
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Estan formados por un nucleo de material inorgdnico compuesto por agrupaciones de
elementos pertenecientes a los grupos 12-16, 13-15 y 14-16 de la Tabla Periddica, que puede
contener entre cientos y miles de atomos. Su forma es aproximadamente esférica, con un
didmetro que oscila entre 1 y 12 nanédmetros. El ndcleo de los QDs normalmente se encuentra
rodeado de una capa exterior de moléculas de tensoactivo o ligandos que le confiere estabilidad

en medios liquidos (disoluciones coloidales) evitando su agregacion®.

Agua Glucosa Anticuerpo Virus  Bacteria Célula Pelota de tenis
" IR,
,” o .
t E B’
107" 1 10 10?2 10®  10* 10° 10° 107 10°
| | | | | | |
nanoparticulas Nanometros

Quantum Dot

Figura 4. Comparacion entre el tamafio de los QDs y otras especies conocidas.

Cuando el tamafio del material semiconductor que constituye el quantum dot se encuentra
dentro de la escala nanométrica, este material presenta un comportamiento que difiere del
observado para el mismo a escala macroscdpica o para los atomos individuales que los
conforman. De hecho, las propiedades de estas nanoparticulas estdn dominadas por efectos de
confinamiento cuantico en vez de seguir las leyes de la fisica cldsica que se aplican para los
materiales macroscdpicos®. El confinamiento cudntico se produce porque el tamafio de las
particulas se ha reducido hasta asemejarse al radio del exciton de Bohr: cuando se genera un
par hueco/electrén (excitén) en el material semiconductor, este quedard confinado en un
espacio muy reducido. Como consecuencia, la estructura de los niveles energéticos y las
propiedades dpticas y eléctricas del material se modifican considerablemente. Los niveles de
energia pasan a ser discretos y finitos, y dependen fuertemente del tamafio de la

hanoparticula?®32,

Para poder prever las propiedades fisicas de los quantum dots es necesario conocer y entender
su estructura de niveles energéticos. Existen dos aproximaciones para calcular los niveles
energéticos de sistemas como los QDs: la evolucion desde una estructura de bandas tipica de

un sdélido macroscdpico hasta que el tamafio se reduce a unos pocos nanémetros; o bien

11
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considerar los estados electrénicos de un solo 4tomo de forma aislada y ver su evolucién cuando

los &tomos se aproximan e interaccionan entre si (Figura 5).

Energia
A
il g m— Banda de
v—.v e 7
p . $ ", —— conduccion
-.__‘.‘ . 3 .‘...‘
Salto de banda
s Banda de
— ., valencia
Atomo molécula q@n
dot
Estado
solido

»
B

Numero de atomos conectados

Figura 5. Diagrama de niveles de energia en funcion del numero de adtomos. A medida que aumenta
el numero de dtomos, los niveles discretos tipicos de los orbitales atdmicos se convierten en bandas
de energia (semiconductor convencional).

Cuando varios dtomos se combinan para formar una molécula, los niveles de energia discretos
de los orbitales atdmicos formaran niveles discretos para los orbitales moleculares. Cuando el
tamafio del sistema poliatémico se incrementa de forma progresiva, el célculo de su estructura
electrénica como combinacién de orbitales atémicos resulta inviable. Sin embargo, si el sistema
es periddico, es decir, un cristal infinito, los cdlculos se simplifican ya que la estructura
energética de un sélido consiste en bandas de energia (no en niveles de energia discretos) donde
cada banda puede ser ocupada con un nimero limitado de portadores de carga, como se
observa en la Figura 5. La estructura electrdnica de los niveles de energia de un nanocristal sera
una situacion intermedia entre los niveles de energia de un sistema atomico y la estructura de
bandas de un sistema macroscépico. En la Figura 5 se muestra que los niveles de energia de un
nanocristal son discretos, su densidad mayor y su espaciado menor que el correspondiente a los
niveles de un atomo. Los niveles atédmicos altamente ocupados de las especies atomicas
interaccionan entre si para formar la banda de valencia del nanocristal. Igualmente, los niveles
mas bajos no ocupados interaccionan entre si para formar la banda de conduccién del
nanocristal. La diferencia de energia entre la banda de valencia y la banda de conduccién da

como resultado el salto de banda en el nanocristal.

En los semiconductores convencionales el salto de banda determina la energia minima que debe

tener un electrén para pasar de la banda de valencia a la banda de conduccién, y esta diferencia

12
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de energia varia en funcidn del material. Cuando se reducen las dimensiones a escala
nanométrica, los niveles de energia pasan a estar cuantizados, y el salto de banda estd
directamente relacionado con el tamafio de la nanoparticula semiconductora; a menor tamafio
del quantum dot, el salto de banda es mayor, y por tanto la longitud de onda de emisién menor
(andlogamente a la particula en una caja de la mecédnica cuantica, la energia de la particula
aumenta cuando se reduce el tamafio de la caja®®). Por tanto, las propiedades dpticas de los
guantum dots estan intimamente relacionadas tanto con la composicion de los mismos (Figura

6) como con su tamafio (ver Figura 7).
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Figura 6. A) Correlacion del mdximo de emision luminiscente con el tamafo de QDs de diferente
composicion®®. B) Intervalos de emision fotoluminiscente aproximados de QDs de diferente
naturaleza®.
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Figura 7. Espectros de absorcion (A) y emision fluorescente (B) tipicos de QDs de diferente tamario
con ntcleo de CdSe y recubrimiento de ZnS32.
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A.2.1 Propiedades dpticas de los quantum dots

La interaccion de la luz con los QDs puede dar lugar a distintos procesos que pueden ocurrir de

forma simultdnea. Los mds importantes son:

Absorcidn: La absorcién de un fotdn con una energia superior a la del salto de banda da lugar a
la formacidn de un excitén. La probabilidad de que se produzca la absorcidn aumenta a energias
altas, lo que produce espectros de absorcién anchos, ligeramente desplazados hacia el azul (blue

shift) respecto del material macroscépico.

Fotoluminiscencia: El excitén formado estard confinado en el interior del nanocristal y su energia

de enlace dependera del salto de banda del semiconductor. Por ello, la recombinacion radiativa
de este excitdn generard la emisién de un fotdn, el cual se puede sintonizar mediante el control
de la naturaleza y tamafio de la nanoparticula, siendo esta una de las caracteristicas mas
explotadas de los quantum dots. El tipo de emision fotoluminiscente observado, se puede dividir
en dos categorias, fluorescencia y fosforescencia, dependiendo de la configuracion electrénica

del estado excitado y la via de desactivacidon radiacional.

Como la emisién se produce desde niveles electrénicos discretos, los QDs presentan bandas de
emision fluorescente estrechas y simétricas (20-30 nm de anchura de pico a la mitad de la
intensidad de emisidn mdaxima). Ademas, gracias a sus anchos espectros de excitacion, es posible
realizar la excitacion simultanea de nanoparticulas de distinto tamafo, observandose la emisién
de fluorescencia a longitudes de onda de emisién diferentes (esta propiedad es especialmente

interesante para el desarrollo de sensores luminiscentes multianalito).

Se puede también modificar la emisidn luminiscente de los QDs afiadiendo pequefias cantidades
de ciertas impurezas metalicas durante el proceso de sintesis de las hanoparticulas, obteniendo
asi QDs dopados®?. Este tipo de QDs son los que se han empleado para los estudios realizados

en esta Tesis Doctoral por lo que seran abordados en mayor profundidad en la seccidn A.3.

Blinking: Una caracteristica particular de los QDs coloidales es que si se observa detenidamente
la emisidn fluorescente de un QD individual tras una excitacion continua, la emision resulta
intermitente (fendmeno conocido como blinking). El proceso de apagado puede durar desde
varios milisegundos hasta minutos y esta relacionado con la fotoionizacién Auger®l. Como esta
propiedad sélo se observa en QDs coloidales (no en quantum dots agregados o ensamblados),
actualmente esta caracteristica se usa de forma rutinaria para el seguimiento de QDs empleados

en la distribucién de medicamentos mediante imagen3+%.
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Eficiencia de la emisidn: Otras excepcionales caracteristicas fotoelectrdnicas de los QDs son su

elevada fotoestabilidad, los altos coeficientes de extincién molar (10°-10° Mcm?),
rendimientos cudnticos (Q) tipicamente superiores al 10-20 % vy los largos tiempos de vida del
estado excitado (pudiendo alcanzarse valores en torno a los 10-100 ns). Asi, y en comparacion
con los fluordforos convencionales, los QDs pueden someterse a tiempos de exposicion mas

largos sin perder eficiencia luminiscente?®323¢,

Sin embargo, la estructura cristalina de los nanocristales puede presentar trampas superficiales
para los excitones formados tras la absorcidn de luz y esto favorece procesos de recombinacion
no radiativos. Estos defectos superficiales pueden deberse a vacantes en la estructura cristalina,
enlaces interrumpidos, moléculas adsorbidas a la superficie o a la presencia de impurezas
(relacionadas con el proceso de sintesis). El electrén o el hueco pueden quedar atrapados dentro
de estos estados de minima energia y por lo tanto, el proceso de recombinacién radiativa resulta
menos probable®. La formacién de estas trampas superficiales no tiene efectos sobre el
espectro de absorcidn de los quantum dots, sin embargo, si produce alteraciones en la emisidn
de los nanocristales, en la intensidad o en la longitud de onda maxima®. Una solucién para
minimizar este problema consiste en hacer crecer una capa protectora de otro material sobre la
superficie del QD (p. ej. generar una capa de otro material semiconductor sobre el ntcleo, asi se

obtienen QDs tipo nucleo/recubrimiento que se discutirdn mas adelante).

Fotoactivacién: Este fendmeno consiste en el incremento de la luminiscencia de los QDs
inducido por la accidn de la luz (bien luz natural o bajo irradiacion continua con luz ultravioleta)
gue provoca cambios en la superficie de las nanoparticulas. Pese a que se trata de un fendmeno
conocido y empleado por numerosos autores, se desconoce el mecanismo global involucrado
en dicho proceso, que generalmente depende de la propia naturaleza de los QDs, de las

modificaciones posteriores realizadas y del medio que rodea a la nanoparticula, etc®®.

Aparte de las propiedades dpticas mencionadas hasta el ahora, los QDs pueden actuar como
fotosensibilizadores, un aspecto que reviste gran interés en el drea biomédica para terapias

fotodindmicas®.

A.2.2 Composicion

Los quantum dots mas comunes estan compuestos por materiales semiconductores binarios
formados por elementos de los grupos 12-16 y 14-16 de la Tabla Periddica. Algunos ejemplos
son los QDs de sulfuro de zinc, plomo o mercurio (ZnS, PbS, HgS), sulfuro de cadmio (CdS),
seleniuro de cadmio (CdSe) y telururo de cadmio (CdTe). También, aunque son menos

habituales, se han descrito en la bibliografia quantum dots compuestos por elementos de los
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grupos 13-15 como el fosfuro de indio (InP), arseniuro de indio (InAs) y nitruro de galio (GaN).
Ademads, hay QDs formados por combinaciones ternarias de elementos, donde dos de los
elementos comparten los sitios de los cationes o los aniones; entre ellos estan CdZnS, CdSSe,
CdTeSe, CulnSe o InNP. La mayoria de estas nanoparticulas semiconductoras cristaliza como
estructura cubica tipo blenda o hexagonal tipo wurtzita, y aunque menos comun como cubica

tipo halita, pero también se pueden dar situaciones intermedias®.

Una de las tendencias mas empleadas en la actualidad, es trabajar con QDs de estructura tipo
nucleo/recubrimiento (core/shell), entre ellos, los mas utilizados son los QDs de CdSe/ZnS y
CdSe/CdS. Esta estrategia consiste en generar una capa de un material semiconductor (diferente
al ndcleo del QD) alrededor de la superficie del nanocristal. El salto de banda del material
semiconductor del recubrimiento es diferente del correspondiente valor del semiconductor del
nucleo. Asi, dependiendo de salto de banda y de la posicidn relativa de los niveles de energia
electrénica de los semiconductores involucrados, el recubrimiento puede cumplir diferentes
funciones. La Figura 8 muestra que es posible identificar tres tipos de QDs

nucleo/recubrimiento: Tipo |, Tipo | Inverso y Tipo 112°:

A Tipo | Tipo ll Tipo |l Tipo | inverso
CdSe/ZnS- CdS/ZnS CdSe/ZnTe CdTe/CdSe CdS/HgS - CdS/CdSe

ZnSe/CdSe

E \

Figura 8. Representacion esquemadtica de la alineacion de los niveles de energia de diferentes
sistemas ndcleo/recubrimiento. Los bordes superiores e inferiores de los rectdngulos se
corresponden con los bordes de las bandas de conduccion y valencia del nucleo y el recubrimiento,
respectivamente?®.

En el Tipo | el salto de banda del recubrimiento es mayor que el correspondiente al del nucleo

de la nanoparticula, de manera que los electrones y huecos se encuentran confinados en el

nucleo favoreciendo asi el proceso de emision luminiscente de los QDs.

En el Tipo | inverso, el salto de banda del recubrimiento es menor que el del nucleo, y
dependiendo del espesor del recubrimiento, los electrones y los huecos estaran parcial o
completamente confinados en el recubrimiento. De esta manera se puede modular la emision

luminiscente de la nanoparticula variando el espesor del recubrimiento. La estabilidad de la
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emisiéon luminiscente y el rendimiento cuantico de estas nanoparticulas se puede mejorar

afiadiendo una segunda capa de un semiconductor con un salto de banda mayor.

En el Tipo Il, el borde de la banda de valencia o de conduccidn del recubrimiento se localiza en
el salto de banda del nucleo (ver Figura 8). Cuando se produce la excitacidon del nanocristal tiene
lugar una separacion del electron y el hueco en diferentes regiones de la nanoparticula,

generandose asi excitones de mayor duracidn antes de la recombinacién.

En todos los casos, la incorporaciéon de una capa de semiconductor adicional genera un
desplazamiento de la emisidn a longitudes de onda mayores (desplazamiento hacia el rojo o red

shift) y este fendmeno se intensifica para los QDs tipo |l.

Otro parametro importante para trabajar con QDs nucleo/recubrimiento consiste en que ambos
semiconductores deberian cristalizar en la misma fase cristalina y presentar asi, una continuidad
en su estructura cristalografica que asegure la disminucién de los defectos en la interfase o en

el recubrimiento.

A.2.3 Sintesis de quantum dots

Como se comentd en la secciéon A.1.4.3, existen diferentes estrategias para llevar a cabo la
sintesis de nanomateriales, y en este caso concreto, de QDs. Las estrategias “top-down” (como
la litografia) han permitido obtener quantum dots embebidos en estructuras compuestas por
ldminas finas de otros semiconductores®.. Pero los procesos mas habituales, son las vias de
sintesis tipo “bottom-up”, ya que se obtienen quantum dots en forma de suspensién coloidal
homogénea tras la reaccion de sus precursores en disolucién acuosa. Los QDs asi obtenidos
presentan un coste reducido ya que su sintesis no requiere instrumentacion compleja ni costosa.
Ademas, desde el punto de vista analitico, las nanoparticulas sintetizadas son muy versatiles

para biofuncionalizaciones posteriores.

De forma general, el proceso de sintesis de quantum dots coloidales®! consiste en hacer
reaccionar una mezcla que contiene todos los compuestos que controlan la nucleaciéon y el
crecimiento en estado liquido en un reactor. Cada una de las especies atdmicas que formaran
parte de los nanocristales se introduce en la mezcla en forma de un precursor (es decir, molécula
o complejo que contiene una o mas de las especies atdmicas requeridas para el crecimiento de
los nanocristales). A continuacidén, los precursores se descomponen formando nuevas especies
reactivas (mondmeros) que provocaran la nucleacion y crecimiento de las nanoparticulas. La

energia necesaria para descomponer los precursores es proporcionada por el liquido del reactor,
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bien por colisiones térmicas o por reaccidn quimica entre el medio liquido y los precursores, o

por la combinacidon de ambos mecanismos.

El pardmetro clave para controlar el crecimiento de los nanocristales coloidales es la presencia
de una o mas moléculas que actien como agentes coordinantes (también llamadas moléculas
“surfactantes”). Los agentes coordinantes son moléculas que se adsorben de forma dinamica
sobre la superficie del QD en crecimiento bajo las condiciones de reaccidn; deben ser lo
suficientemente madviles como para permitir el acceso de mas unidades de mondmero, y lo
suficientemente estables para prevenir la agregacion de los nanocristales. La eleccidn del agente
coordinante adecuado depende cada caso, si la molécula se enlaza con demasiada fuerza a la
superficie de la nanoparticula no permitird el crecimiento de la misma; sin embargo, un enlace
débil generara la formacion de particulas de gran tamafio o agregados. Los agentes coordinantes
mas adecuados incluyen, p. ej. alquiltioles, éxidos de fosfina, fosfatos, fosfonatos, amidas o
aminas, acidos carboxilicos y compuestos aromaticos que contienen nitrégeno. Si el crecimiento
del nanocristal se lleva a cabo a temperaturas elevadas, la molécula coordinante debe ser
estable en esas condiciones para poder controlar el crecimiento. Al disminuir la temperatura, se
interrumpe el crecimiento de la nanoparticula, y la molécula coordinante se une con mas fuerza
a la superficie del nanocristal determinando asi la solubilidad en funcién del disolvente

empleado.

Este recubrimiento con un agente coordinante proporciona una gran flexibilidad quimica ya que
puede ser intercambiado con otro recubrimiento de moléculas organicas (con diferente
polaridad o grupos funcionales), o se puede eliminar esta capa y permitir el crecimiento de una
segunda capa de material con otras propiedades eléctricas, dpticas o magnéticas sobre la
nanoparticula inicial. Ademas, las moléculas coordinantes permiten controlar el tamafio y/o la
forma de la nanoparticula durante el proceso de sintesis mediante el control de la proporcion
de moléculas coordinantes, el volumen de inyeccidn, la concentracidén de mondmero o el tiempo

de reaccion3+4°,

La sintesis de QDs coloidales, en concreto de nanocristales de CdSe, es una de las mas extendidas
y perfeccionada, y suele emplear TOP/TOPO como moléculas coordinantes a altas temperaturas.

I'41

Cabe resefiar que esta sintesis fue introducida por Bawendi y col.** en 1993, y optimizada por
Peng y col.*? en el afio 2000. Aunque existen diferentes protocolos, tras el proceso de sintesis se
obtienen nanoparticulas monodispersas y estables, pero hidrofdbicas. Estos QDs sélo son
solubles en disolventes no polares como el cloroformo y el tolueno, por lo que tienen una

limitada aplicabilidad para el desarrollo de aplicaciones tanto analiticas como bioldgicas. Asi
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pues, es necesario que estas nanoparticulas sean sometidas a un proceso posterior de

solubilizaciéon en medios acuosos, manteniendo sus caracteristicas originales (p. ej. dpticas).

En los Ultimos afios han surgido nuevas rutas sintéticas que emplean bajas temperaturas y
sistemas acuosos para obtener directamente nanoparticulas solubles en agua. Estas
metodologias emplean como precursores sales inorganicas de los metales de interés y sulfuro o
seleniuro de sodio. En este caso, se utilizan alquiltioles o polifosfatos como medio de reaccion
(ya que presentan alta solvatacion) y ademas, actian como ligando protector, puesto que
permite la solubilizacidn de la nanoparticula en medios acuosos directamente*®. En este tipo de
sintesis es necesario controlar y ajustar el pH de la mezcla de sintesis y escoger de forma

apropiada la concentracion relativa y absoluta de los componentes de la reaccion®.

A.2.4 Estrategias para la solubilizacion de quantum dots en medios acuosos.

A pesar de que existen rutas sintéticas de QDs para obtener particulas directamente solubles en
medios acuosos, la mayoria de los quantum dots empleados se sintetizan en disolventes

organicos y altas temperaturas.

El disefio de recubrimientos posteriores para obtener nanoparticulas hidrofilicas ha sido
abordado por muchos investigadores durante los ultimos afios. El objetivo final no es sélo
conseguir la solubilidad en medios acuosos, sino ofrecer la posibilidad de incorporar
determinados grupos funcionales a la superficie del nanocristal que permitan en dltimo término
establecer uniones (covalentes, electrostaticas, etc.) con una molécula o biomolécula de interés
mediante reacciones de derivatizacion (bioconjugaciones). Un recubrimiento ideal? para los

QDs deberia cumplir:
- alta afinidad por la superficie de los QDs.
- estabilidad coloidal a largo plazo en un amplio rango de pH y fuerza idnica.
- capacidad de bioconjugacion.
- minimizar el tamafo hidrodindmico de la nanoparticula resultante.
- biocompatibilidad (ni téxico ni inmunogénico) y con reducidas uniones inespecificas.

Ademds, silos QDs se van a emplear como marcadores bioldgicos®, las nanoparticulas obtenidas
deberian presentar baja citotoxicidad, limitadas uniones inespecificas a tejidos bioldgicos,

elevado rendimiento cudntico y tiempos de vida estables.

Conseguir QDs recubiertos que cumplan todas las caracteristicas simultdneamente es una tarea

dificil. Asi, en los ultimos diez afios, se han llevado a cabo numerosos trabajos con el objetivo de
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mejorar la quimica superficial de los QDs y otros nanomateriales. Las estrategias desarrolladas
para transferir las nanoparticulas disueltas en medio orgdnico a medio acuoso se pueden

agrupar en dos categorias principales®>4°:

1) Intercambio de ligandos hidrofébicos por ligandos hidrofilicos.
2) Encapsulacion de los QDs mediante interacciones hidrofébicas.

Como se observa en la Figura 9, los recubrimientos conservan dos elementos esenciales: una
molécula anclada a la superficie de la nanoparticula y un grupo funcional hidréfilo para la

dispersion acuosa.

Coordinacién Hidrofobico Hidrofilico/funcional

QD

Figura 9. A) Ligando enlazado a la superficie del QD. B) Interaccion entre un polimero anfifilico y las
cadenas carbonadas de los ligandos de la nanoparticula®.

La estrategia de intercambio de ligandos consiste en la sustitucidn de las moléculas hidrofébicas

(p. ej. TOP/TOPO) que rodean los nanocristales por moléculas bifuncionales, las cuales

generalmente contienen un grupo tiol (-SH) en uno de los extremos, que se une a la superficie

del nanocristal por afinidad, y un grupo funcional polar en el otro extremo orientado hacia la

parte exterior del QD, otorgando a la nanoparticula la solubilidad en medios polares.

El grupo tiol presenta una gran afinidad por la superficie de QDs conteniendo Cd, Zn o Pb debido
a la gran componente covalente del enlace metal-azufre. Chan y col.¢ fueron pioneros en
emplear esta estrategia, utilizando acido mercaptoacético (MAA) como ligando bifuncional.
Otros ejemplos incluyen el acido mercaptosuccinico, ditiotreitol, o los aminodcidos cisteina o
histidina. En funcién del pH de trabajo, el grupo funcional se encuentra protonado o
desprotonado, confiriendo al sistema carga positiva o negativa, lo que provocara la repulsion

electrostatica entre las nanoparticulas y evitard la agregacion de las mismas®’.

Los QDs recubiertos con ligandos tiol monodentados son muy faciles de obtener, pero presentan

algunos inconvenientes ya que puede producirse la desorcidn de los ligandos de la superficie
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facilmente y por tanto, las nanoparticulas tenderdn a agregarse en pocos dias, generando
nanoparticulas de baja estabilidad coloidal. Como alternativa, se ha propuesto el empleo de
ligandos bifuncionales bidentados (poseen dos grupos tiol)*, que confieren una unién mas

fuerte y robusta con la NP. También es posible emplear ligandos tipo “dendrén”#

gue minimizan
la liberacion de las moléculas del recubrimiento a la disoluciéon, o ligandos como el
polietilenglicol (PEG) y derivados. Estos permiten minimizar las interacciones electrostaticas
inespecificas observadas entre nanoparticulas modificadas con ligandos monodentados y
proteinas, anticuerpos o superficies celulares. Ademas, reducen la toxicidad celular e

incrementan los tiempos de circulacidn in vivo™.

Otra alternativa estudiada es el empleo de ligandos “zwitterionicos”>* (que presentan las mismas
ventajas que los PEG) pero proporcionan dimensiones hidrodindmicas mas pequefias) e incluso
el empleo de péptidos®? (con un dominio hidrofébico y otro hidrofilico) o fosfinas oligoméricas>?
como ligandos para recubrir la superficie. Estas estrategias estan limitadas debido a su elevado

coste o a la necesidad de complejos procesos de purificacién.

El proceso de silanizacidon es una estrategia que, si bien antes era considerada de forma
independiente, actualmente se trata como una alternativa mas de intercambio de ligandos ya
que se produce una sustitucion de los ligandos hidrofébicos de la superficie del nanocristal. La
silanizacién consiste en la formacion de una capa de silice alrededor de la superficie del
nanocristal empleando mercaptopropil(trimetoxisilano) como precursor®. La capa de ligando
qgue se obtiene esta altamente entrecruzada y por tanto, es muy resistente a la desorcién.
Ademéds el QD est4 fisicamente protegido por lo que se mejora su fotoestabilidad®. Sin embargo,
este método resulta generalmente bastante tedioso, y con frecuencia no se obtienen
recubrimientos homogéneos de silice con espesor inferior a5 nm y pueden aparecer problemas

de agregacion®.

Las principales desventajas de la estrategia de intercambio de ligandos consisten en que la
estabilidad coloidal de las nanoparticulas estda determinada por el ligando empleado y que el
rendimiento cudntico del QD disminuye respecto a su valor en medio organico (esta reduccion
puede deberse a la generacién de trampas en la superficie del quantum dot que favorecen la

desactivacion no radiacional de su emisidn luminiscente)3?.

La segunda estrategia propuesta consiste en la encapsulacion de los QDs en polimeros
anfifilicos. Este proceso tiene lugar debido a la interaccién hidrofébica®®>’ de las cadenas
carbonadas de un polimero anfifilico con las cadenas carbonadas de los ligandos que recubren

la superficie de las nanoparticulas. Los polimeros anfifilicos combinan cadenas alquil
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hidrofdbicas y grupos hidrofilicos (p. e]. grupos carboxilo, amino, segmentos de PEG) que estan
orientados hacia el exterior (el medio que rodea a la nanoparticula) y cargados, de manera que
le confieren la solubilidad necesaria a la nanoparticula. En el polimero anfifilico, una sola cadena
de polimero posee numerosas cadenas hidrofdbicas, por lo que la unidon con el QD estd

favorecida por los numerosos puntos de contacto entre las cadenas hidrofdbicas.

El hecho de conservar los agentes coordinantes originales durante el proceso de modificacién
hace que los QDs modificados sean mas estables que los obtenidos a través de intercambio de
ligandos®2. Esta modificacidon es menos agresiva y provoca menores cambios del rendimiento
cuantico de los quantum dots (p. ej. la superficie de la nanoparticula apenas interacciona con el
ligando anfifilico). En la actualidad, los polimeros anfifilicos mas utilizados se basan en un
esqueleto de poli(anhidrido maleico) con cadenas laterales hidrofébicas como tetradeceno®,
octadecano® o dodecil®®. Estos polimeros recubren la superficie del QD y estan unidos entre si

mediante el empleo de un entrecruzador.

Un inconveniente del empleo de estos polimeros es su elevado peso molecular, lo cual
incrementa notablemente el didmetro hidrodindmico de la nanoparticula® (como se puede
observar en la Figura 10), ya que hay que tener en cuenta que los nanocristales también
conservan la capa nativa de ligandos hidréfobos. Por todo ello, se han investigado otros
recubrimientos alternativos (p. e]. el anhidrido maleico-poliestireno) y la eliminacion del empleo

de entrecruzador®.

i

pa TSR

nm

Figura 10. Diferencia de tamafio de particula para un quantum dot A) funcionalizado mediante
intercambio de ligandos con DHLA y B) recubierto con polimero anfifilico.
Para terminar, solo resaltar que en medio acuoso se debe disponer de nanoparticulas
compatibles, cuyo recubrimiento (idealmente) deberia evitar que los QDs se agreguen durante
periodos de almacenamiento largos, que mantengan el rendimiento cudntico de la emisién
luminiscente y el tamafio global del QD por debajo de los 10 nm. Por desgracia, los

recubrimientos ensayados hasta el momento no cumplen todas estas condiciones
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simultdneamente por lo que actualmente se continla trabajando para perfeccionar los

procedimientos de solubilizacién de las nanoparticulas.

A.2.5 Inmovilizacidon de quantum dots

Las excelentes propiedades optoelectrénicas que muestran los quantum dots, junto con las
mejoras logradas en el proceso de solubilizacion de los mismos en medios acuosos, han
permitido el desarrollo de un gran niumero de aplicaciones analiticas donde son utilizados en
forma de dispersion coloidal. Sin embargo, para el desarrollo de sensores es necesario
inmovilizar las nanoparticulas en un soporte sélido adecuado para logra fabricar fases sélidas
activas. En un soporte ideal las nanoparticulas deben ser retenidas (evitando el posible lixiviado

de las mismas) pero sin perder sus propiedades épticas.

Las formas de inmovilizacidn de los QDs en un soporte sdlido dependen del tipo de analisis que
se va a desarrollar y pueden ser: atrapamiento fisico, unidén covalente, enlaces
dativos/coordinados, interacciones electrostaticas y de afinidad (o por combinacién de varios
de estos mecanismos). Cualquiera que sea el método escogido para llevar a cabo la
inmovilizacién debe tener en cuenta los medios disponibles para la bioconjugacidn, la
proximidad requerida entre los QDs y el medio de reconocimiento, asi como el tamafio y
movilidad del analito. En algunas aplicaciones la estabilidad de la inmovilizacién y la densidad
de quantum dots en la interfase resultan importantes. Asi, la mayoria de los bioensayos y
biosensores para acidos nucleicos o proteinas requieren la inmovilizacién de la nanoparticula en

forma de I[dminas en un sustrato, en lugar de una red tridimensional.

La inmovilizacidon de quantum dots se ha llevado a cabo en diferentes soportes sélidos como
polimeros, vidrios y sol-geles, obteniéndose materiales sélidos (fases activas) con quantum dots
inmovilizados. En muchos casos el proceso de sintesis se realiza consiguiendo el crecimiento de
la nanoparticula en el interior del material sélido o en su precipitacidn en el interior de un medio
estructurado®?. Por desgracia, este crecimiento in situ no permite el control sobre la superficie
del QD (estados superficiales, forma, pasivacidn, etc.). Ademas, otra limitacidon importante de la
preparacion directa de los nanomateriales en el interior del soporte sdlido, es que para
estructuras mas complejas como nanohilos, nanorods, o QDs tipo nucleo/recubrimiento, el
proceso de sintesis se complica y puede ser dificil encapasularlos mediante estos

procedimientos®,

En esta linea, las fases sensoras basadas en matrices inorgdnicas tipo sol-gel han demostrado
ofrecer materiales muy adecuados para el desarrollo de sensores dpticos luminiscentes,

simplemente por el atrapamiento de la molécula indicadora (incluyendo QDs) dentro de la
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estructura inorgdanica, durante el proceso de polimerizacién del sol-gel®*. Este tipo de materiales
permite la encapsulacidn de moléculas fragiles y térmicamente sensibles tales como: enzimas,
proteinas y anticuerpos®. Entre las propiedades mas destacadas de este tipo de soportes cabe
resaltar su elevada estabilidad y resistencia la degradacion. La mayoria de las aplicaciones
publicadas sobre sol-geles dopados con QDs explotan las favorables propiedades
optoelectrdnicas de las nanoparticulas (p. ej. medios activos en laseres sintonizables o en placas
solares). Sin embargo, la incorporacion de QDs en materiales tipo sol-gel ofrece un rico potencial
en el campo de los (bio)sensores. No obstante, hay que mencionar que estos prometedores
materiales también presentan ciertos inconvenientes, incluyendo posibles cambios de la
polaridad, reacciones sobre la superficie de los quantum dots durante el proceso sol-gel, e

incluso la lixiviacion de los QDs durante el proceso de medida.

Otra posibilidad para el desarrollo de sensores quimicos basados en QDs es incorporar las NPs
en el interior de polimeros (p. ej. se han usado QDs de CdSe embebidos en la matriz polimérica
de PMMA (poli (metilmetacrilato)) para detectar cambios de temperatura® o nanoesferas
acrilicas de QDs para detectar iones®’). Ademads, también se pueden incorporar los QDs en el
interior de polimeros de impronta molecular (MIPs). Estos MIPs exhiben una alta selectividad
por el analito de interés, ya que se generan tras la polimerizacidén y entrecruzamiento de los
correspondientes mondmeros funcionales alrededor de una molécula molde cuya estructura es
similar al analito o el propio analito. Tras la extraccién de la molécula molde, en el interior de la
estructura polimérica existiran cavidades complementarias al analito en tamafio, forma
geométrica y orientacidén de grupos funcionales. Asi, se han evaluado MIPs modificados con
quantum dots como sensores quimicos fluorescentes®. La emisién luminiscente de los QDs
incluidos en la estructura polimérica cambia debido a procesos de transferencia de energia entre
las nanoparticulas y las moléculas tras el reconocimiento por el MIP, obteniéndose una sefial

analitica medible?.

Otras estrategias descritas incluyen la deposicién de nanocristales en sustratos hidrofilicos
(empleando la técnica Langmuir-Blodgett®®) o la fabricacién de capas autoensambladas

electrostaticamente’®.
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A.3 DOPAIJE DE QUANTUM DOTS

En los ultimos afios el dopaje de QDs ha demostrado que puede jugar un papel importante en

el desarrollo de nuevas aplicaciones tecnoldgicas y analiticas.

Es bien conocido que la incorporacién de impurezas o defectos en la estructura de un
semiconductor es uno de los principales medios para el control de su conductividad eléctrica y
también puede causar un gran efecto sobre sus propiedades dpticas, luminiscentes, magnéticas,
etc.”¥3, A modo de ejemplo, mientras el ZnO estequiométrico puro es un aislante, la
conductividad de este compuesto puede crecer 10 6rdenes de magnitud introduciendo
pequefios cambios en la concentracidon de los defectos nativos y no nativos en la estructura

cristalina (adicidn de zinc o aluminio intersticial)”.

El dopaje de semiconductores se puede clasificar en tres categorias’®, segiin los dopantes actien

como:

- iones magnéticos. Los semiconductores contienen impurezas magnéticas y son conocidos

como semiconductores magnéticos diluidos (DMSs).

- activadores luminiscentes en nanocristales semiconductores. Esta es la categoria
estudiada en la presente tesis doctoral y que se abordara mas adelante en profundidad.
La adicidn de iones como el Mn?* o el Eu®* puede ampliar el intervalo Gtil de propiedades

espectroscopicas que pueden conseguirse con este tipo de nanomateriales.

- dopantes electrdénicos, de manera que se introducen portadores de carga que actlan
como donadores o aceptores dentro de la estructura de bandas del semiconductor. Esta

es la categoria menos estudiada hasta la fecha.

Esta Tesis Doctoral se centra en la sintesis y empleo de quantum dots dopados con impurezas
metadlicas para obtener nanoparticulas cuyas propiedades luminiscentes difieren de las que
presentan en ausencia del dopante. Por ello, en esta seccidn se revisaran los antecedentes clave

del dopaje de quantum dots empleando impurezas metalicas como activadores luminiscentes.

En un trabajo pionero publicado en 1994 por Bhargava y Gallagher’, se propuso el dopaje de
QDs como alternativa para manipular las propiedades magnéticas y optoelectrénicas de los QDs.
Los resultados obtenidos sugerian que los nanocristales semiconductores dopados podian
formar una nueva clase de materiales luminiscentes con un amplio intervalo de aplicaciones en

fabricacién de pantallas, iluminacidn, sensores y ldseres’®7’,

La estrategia para obtener quantum dots dopados (d-dots) consiste en la adicidn controlada de

impurezas metalicas durante el proceso de sintesis de las nanoparticulas. La seleccion de la

25



INTRODUCCION

impureza es un proceso critico si se pretende obtener un dopaje efectivo, ya que el tamafio y
estado de oxidacion de la impureza deben ser compatibles con el material semiconductor que
compone el nucleo del quantum dot’®”°. Ademas, se ha comprobado que Unicamente una
pequefia fraccion de las impurezas metadlicas afiadidas durante la sintesis es finalmente

incorporada en la estructura del nanocristal.

Las impurezas metalicas empleadas pueden ser muy variadas, normalmente incluyen elementos
como metales de transicién, Cu?*, Mn%, Co?, Ag*, Pb?, Ni%*, Cr®* o lantdnidos incluyendo el Eu®*,
Tb3, Er®* 0 Sm3778%81 | 3 Figura 11 muestra la variedad de nanoparticulas dopadas descritas y
su emision en diferentes regiones del espectro. Seguramente son los QDs dopados con Mn o Cu
los mas estudiados hasta la fecha®. El dopaje con lantédnidos es menos favorable debido a que
sus propiedades quimicas (radio idnico y estado de valencia) difieren bastante de los cationes
metdlicos que componen el nucleo del semiconductor®, aunque existen trabajos donde se ha
conseguido un dopaje dptimo y se ha observado su emisidn caracteristica®®®*. Recientemente
se ha puesto especial interés en el dopaje dual o co-dopaje de QDs, obteniendo nanoparticulas
dopadas con Cu?*-Co?*, Cu**-Mn?*, Cu**-Pb?, Cu®*-lantadnidos o combinaciones de Mn?*-Eu3* %1,
La composicion del nucleo también debe escogerse cuidadosamente. Los nucleos mas
estudiados son aquellos semiconductores formados por elementos de los grupos 12-16 de la
Tabla Periddica, que presentan un salto de banda grande, principalmente ZnS (E; ~ 3.6 eV), ZnSe

(Eg ~ 2.7 eV), ZnO (E; ~ 3.2 eV), CdS (E; ~ 2.42 eV) y CdSe (E; ~ 1.73 eV). Entre ellos, conviene

destacar el ZnS por ser el mas estudiado (empleado).

Longitud de onda (nm)
440 480 520 5@0 620 660 720

—

T

Cu:ZnS Cu:ZnSe Cu:ZnCdS Cu:ZninSe Cu:lnP

Mn:ME, (M=Cd and/or Zn, E
= S and/or Se)

Figura 11. Intervalo de emisién luminiscente de varios QDs dopados®.

A.3.1 Sintesis de QDs dopados (d-dots)

Aunque la incorporacidon de una cantidad significativa de dopantes en la estructura de los
nanocristales es dificil’®, existen varias rutas de sintesis para obtener QDs dopados, que se

pueden agrupar en métodos de sintesis en fase acuosa o en fase organica.
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A.3.1.1 Métodos de sintesis en fase acuosa

Las rutas de sintesis que se llevan a cabo en medios acuosos son las mas empleadas porque
permiten obtener los 4tomos de impurezas distribuidos uniformemente en las nanoparticulas,
y ademas, controlar el tamafio y forma de los nanocristales, asi como, el rendimiento de
produccién y reducir los costes. Las vias mas populares de sintesis se conocen como “métodos

quimicos suaves” e incluyen la precipitacién quimica y el empleo de microemulsiones.

La obtencidn de QDs dopados tras una reaccién de precipitacién en disolucién acuosa consiste
tipicamente en la co-precipitacién de los iones dopantes y los cationes precursores (sales de Zn%
o Cd* como acetatos, sulfatos, nitratos, percloratos o cloruros) con el anién de interés
(normalmente S* o Se*) en presencia de los agentes coordinantes apropiados, normalmente
tioles, fosfatos, polimeros o incluso proteinas. Los precursores utilizados, la temperatura de
reaccion y el pH son tres factores que determinardn las propiedades de los QDs dopados
obtenidos, influyendo en la distribucion y tamafio de particula y en su emisién luminiscente. En
este tipo de sintesis, la temperatura de reaccién es normalmente baja (menor de 100 °C) y esto
no permite eliminar eficazmente los defectos superficiales de las nanoparticulas (lo que puede
traducirse en bajas eficiencias luminiscentes). Esta reduccion de la luminiscencia puede
subsanarse empleando los métodos comentados en la seccién A.2.4 o mediante la adicion de un

recubrimiento con otro semiconductor®2:,

Otra estrategia para la sintesis de d-dots en medios acuosos menos comun es el método de
micelas inversas. En este caso, las disoluciones acuosas de todos los precursores se disuelven en
agua y se mezclan también con un disolvente orgdnico no polar como heptano u octano y un
surfactante apropiado. Sin embargo, las nanoparticulas asi obtenidas muestran una pobre
eficiencia luminiscente aunque el recubrimiento con otro semiconductor (QDs tipo

nucleo/recubrimiento dopados) permite mejorar sus propiedades luminiscentes®#’,

Con el fin de mejorar los procedimientos sintéticos en medios acuosos, se han propuesto rutas
alternativas que consiguen un incremento de la temperatura por encima del punto de ebullicion

del agua.

En el proceso de sintesis hidrotermalf®® la mezcla de los precursores empleados en la sintesis
convencional, se lleva a cabo en un recipiente cerrado que se calienta a la temperatura deseada.
El problema de esta sintesis es que se obtienen NPs con tamanios superiores a los 10 nm. No
obstante, esta via estd indicada para obtener facilmente nanomateriales 1D dopados, con

buenas propiedades luminiscentes. La sintesis asistida por microondas® también permite
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conseguir temperaturas mas elevadas obteniendo un dopaje efectivo y con un crecimiento de

las nanoparticulas muy rapido.

A.3.1.2 Métodos de sintesis en fase orgdnica

Los quantum dots dopados (d-dots) obtenidos mediante sintesis organica presentan una alta
calidad y se consiguen empleando disolventes orgdnicos y elevadas temperaturas (mayores de
300 °C). Asi se logra mejorar la superficie de las nanoparticulas obtenidas y minimizar los
defectos superficiales. Sin embargo, este tipo de estrategias dificulta la incorporacion de los

dopantes en la estructura de la nanoparticula®l.

Se han propuesto diferentes teorias para explicar los problemas relacionados con el dopaje de
QDs sintetizados en fase organica’*’2. La primera teoria propuesta por D. Turnbull®?> en 1950,
propone que el proceso de dopaje se complica cuanto menor es el tamaio del cristal, ya que
esta disminucién de tamano implica la formacién de cristales con menor nimero de atomos
(que estadisticamente son mas estables cuanto mayor es su pureza). Por otro lado, una de las
explicaciones mas aceptada se basa en fundamentos termodinamicos, y postula que los
nanocristales experimentan un proceso de “autopurificacién”®® debido a que la difusién de la
impureza es menor en el material semiconductor. Esto implica que los nanocristales son dificiles
de dopar y finalmente las impurezas son expulsadas. Por otro lado, si los factores cinéticos’*’®
son los que controlan el proceso de dopaje, las impurezas son adsorbidas en su mayoria en la
superficie del nanocristal ya que su enlace es favorable. La superficie de la nanoparticula
depende de la estructura cristalina y de la forma del nanocristal, siendo, por tanto, estos dos

factores los que afectan al dopaje®*.

Se han descrito tres estrategias para introducir impurezas en la estructura cristalina de los QDs
durante el proceso de sintesis en fase organica, dependiendo del momento en que se introducen
los iones dopantes 1) junto con los precursores que forman el nucleo del QD, 2) antes de que se
produzca la formacion del nucleo (Figura 12, diagrama superior) y 3) durante la formacién del

recubrimiento del QD (Figura 12, diagrama inferior).

La primera estrategia es similar a la que se emplea en la tipica sintesis en fase acuosa, donde se
introducen simultdneamente en el sistema los precursores de los iones dopantes y de los
elementos que forman la nanoparticula. Desafortunadamente, una parte significativa de los QDs
asi obtenidos no estd dopada y presenta las impurezas adsorbidas en la superficie®>. Ademds, en
este caso, la eficacia del dopaje depende principalmente del tipo de precursor empleado para

introducir la impureza®® y del tamafio de particula®.
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La segunda y la tercera estrategias de dopaje mencionadas, nucleacion-dopaje y crecimiento-
dopaje, se basan en la disociacion del proceso de dopaje de la etapa de nucleacién del QD y/o

de la etapa de crecimiento®. La Figura 12 describe esquematicamente ambos procesos.

Nucleacién-dopaje: ~SiEciiento,
’ del QD
nucleo con centro
dopantes dopado
.. . dopaje crecimiento
Crecimiento-dopaje: . . — e .
nucleo superficie dopaje
pequeio dopada interno

Figura 12. Esquema de dos posibles estrategias para la introduccion de iones dopantes en la
estructura de quantum dots: nucleacion-dopaje (superior) y crecimiento-dopaje (inferior).
Normalmente, este tipo de estrategias para la sintesis de d-dots en medio organico requieren el
empleo de reactivos organometdlicos como precursores metdlicos p. ej. reactivos quimicos
genéricos y estables al aire. Sin embargo, los precursores de S o Se suelen estar disueltos en
disolventes pirofdricos, toxicos y caros por lo que se estan estudiando nuevos reactivos menos

perjudiciales y acordes con la llamada “quimica verde”®..

A.3.2 Propiedades luminiscentes de los QDs dopados

La Tabla 1 recoge las propiedades luminiscentes mas relevantes de quantum dots dopados con
diferentes iones reportados en la bibliografia. En la siguiente seccidn se enumeran con mayor
detalle las propiedades especificas de los quantum dots dopados con Mn? por ser los utilizados

en la presente Tesis Doctoral.

Tabla 1. Resumen de las principales propiedades dpticas de d-dots8.

Composicion del Aemisisn del Tiempo de Rendimiento

| ...
on dopante QD dopante vida cuantico (%)

ZnS, ZnSe, CdS,
590 nm

Mn?* CdSe (<3,3 nm), o ms 10-60
principalmente
CulnS;, AglInS;

ZnS, ZnSe, CdS, InP,  Vis-NIR, depende

Cu+,2+ )
ZnCdS, ZnInSe del nucleo del QD

us 10-30
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ZnS, CdS, ZnO, Vis-NIR, depende

Ni2* , us 5-30
ZnSe, CdZnS del nucleo del QD
490-630 nm,
ZnS, CdS, CdSe, .
Ag* depende del sin datos 5-58
CdznS ,

nucleo del QD

Pb2* ZnS 650 nm ms(a bajas T) sin datos
Depende del .

Ln3* ZnS, ZnSe, ZnO, CdS Ln(ill) us-ms sin datos

n

Solo para los QDs dopados con Mn?* |a fotoestabilidad reportada®! es excelente.

A.3.2.1 Quantum dots dopados con Mn?*

Mecanismo luminiscente

Segun la teoria del campo cristalino, el ion Mn?* tiene una configuracién electrénica d°, donde
el estado fundamental es 6A; y su primer estado excitado es *T. La transicidn d-d desde el estado
T, al ®A; estd prohibida por el spin, lo que da lugar a constantes de desactivacion del estado
excitado por via radiacional muy bajas y asimismo, bajos coeficientes de extincion molar para

las absorciones de energia correspondientes a las transiciones entre los estados °A; y *T,%.

Por otro lado, los nanocristales semiconductores compuestos por elementos de los grupos 12-
16 de la Tabla Periédica presentan unos coeficientes de extincién molar muy superiores a los del
Mn? (tipicamente entre 4 0 5 érdenes de magnitud mayores), lo que posibilita que éstos actien

100101 Como resultado de introducir iones

como centros radiacionales altamente eficaces
dopantes (Mn?*) en la estructura del QD, se produce una fuerte interaccidn entre los estados
electrénicos d del Mn? con los estados s-p de las bandas del semiconductor que constituye la
nanoparticula. Asi pues, la existencia de iones Mn?* en los nanocristales semiconductores
proporcionara nuevas propiedades tipicas de esta clase de materiales (particularmente se

observa una intensa emisidn fotoluminiscente con largos tiempos de vida media).

Existen dos escenarios fundamentales que describen la emision fotoluminiscente de los d-dots
dopados con Mn?*. En el primero de ellos, los estados energéticos del Mn?* se encuentran dentro
del salto de banda del semiconductor. El segundo escenario es cualitativamente distinto (y
menos habitual) y tiene lugar cuando los niveles energéticos del ion dopante (Mn?*) no se

encuentran dentro del salto de banda del nanomaterial.*:10%103

En el primer escenario (Figura 13), se utilizan QDs formados por semiconductores de ZnS, ZnSe

o CdS que presentan una gran diferencia de energias entre la banda de valencia y la de
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conduccidn, de forma que los niveles energéticos del Mn?* se encuentran dentro del salto de
banda de la nanoparticula. Tras la excitacidon del QD, se produce la transferencia de energia
desde los niveles energéticos excitados del material semiconductor a los niveles energéticos
excitados del manganeso y se registra la desactivacion radiacional debida a la transicidn tipica
del Mn (*T;—%A1) en torno a 590 nm718%8% Estg emisidn presenta altos rendimientos cudnticos
y tiempos de vida media largos (ms). Las propiedades de estos d-dots los hacen muy adecuados

para aplicaciones foto- o electro-luminiscentes.

QD sin dopar QD dopado con Mn?*
(p. €j. ZnS) (p. ej. Mn:ZnS)
Banda de Conduccion Banda de Conduccion
AT1 ——
. ” ~~»hvy,
excitacién ™~ hv dopaje con Mn? excitaciéon BA, ﬂ .
Banda de Valencia Banda de Valencia

Figura 13. Esquema que representa el proceso de emision de QDs dopados con manganeso en el
primer escenario®.
Ademas, si se controla la cantidad de manganeso que se incorpora como dopante, es posible
obtener espectros de emision luminiscente con dos maximos de emision. Una banda
correspondiente a la transicidon d-d del Mn en torno a 590 nm y una segunda banda a menores
longitudes de onda (420-470 nm), emision debida a la recombinacién del par electron-hueco del

semiconductor nanométrico.

En este tipo de QDs dopados, la emisién es menos energética que la debida al salto de banda
del semiconductor (longitud de onda de emisiéon desplazada hacia el rojo). Por tanto, dicha
emisién no es adsorbida por el material que compone el QD, minimizando los problemas de

autoabsorcion®?.

El segundo escenario descrito es mucho menos habitual y se produce cuando los estados
energéticos del manganeso no se encuentran dentro del salto de banda del semiconductor, por
lo que no es posible la transferencia de energia desde el estado excitado del semiconductor a
los niveles energéticos excitados del manganeso (es decir, los excitones del semiconductor

tienen menor energia que los estados energéticos d del dopante)®.

Este escenario se ha descrito empleando semiconductores tipo CdSe. En este tipo de

nanocristales semiconductores, la emisidn se puede sintonizar en funcién de su tamafio (lo cual
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varia la energia del salto de banda del QD). Pero ademas, el dopaje de QDs de CdSe resulta muy
interesante debido a que la adicién de Mn aflade un grado de libertad adicional para controlar
sus propiedades foto-fisicas®>1%. Esto se puede observar en la Figura 141%, si se emplean CdSe
QDs de tamanio inferior a 3,3 nm, la energia del salto de banda del semiconductor es mayor que
la energia de los estados excitados del Mn%" y por tanto se observa la emisién debida a la
transiciéon d-d del ion dopante (emisidn fosforescente), que corresponde a la situacién descrita
en el primer escenario. Sin embargo, si se incrementa el tamafio del semiconductor, la emision
que se produce con mayor probabilidad es la debida a los nanocristales sin dopar (emision
fluorescente) ya que los estados energéticos del Mn no se encuentran en el salto de banda del

semiconductor.

Banda de
Conduccion
oy Banda de Conduccion
i I
4T | 4T,
o oA ﬂf\'m h\’Mn L —
excitacion 1 e EEE———
Incremento del
tamafio de NP excitacion —~"hvy
Banda de Valencia Banda de Valencia
Mn:CdSed < 3,3 nm Mn:CdSe d > 3,3 nm

Figura 14. Esquemas que recogen el proceso de emision de QDs de CdSe dopados con manganeso

en funcion del tamafio de nanoparticula™®.

Tiempo de vida de la emision luminiscente

Como es légico, debido a la transicién *T;—°A;, los QDs dopados con Mn presentan un tiempo
de vida media largo (ms) caracteristico de la emisién fosforescente independiente del
semiconductor que compone los QDs. Ademas, este tiempo de vida es mucho mas elevado que

los QDs fluorescentes convencionales (ns)04195,

Estos tiempos de vida tan largos permiten (como en fosforescencia molecular) evitar las

interferencias tipicas de autofluorescencia y luz dispersada.
Modificacién de la emisién del Mn?*

En principio, la emisién fotoluminiscente debida al Mn?* en los QDs dopados estd centrada en
torno a 590 nm, independientemente del tamafio, forma y naturaleza de la nanoparticula. Dicha
emision se debe Unicamente a la transicidn entre los estados d *T;—®A; del Mn?* (transicion d-

d).
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Sin embargo, estudios recientes!®®” han demostrado que es posible modificar la longitud de
onda de emisién del Mn dentro de un intervalo limitado. Esto se consigue localizando los iones
Mn? en la regién del nucleo, sub-superficie y superficie de los nanocristales. Es decir que la
emisién debida al Mn esta intimamente influenciada por el entorno estructural en el que se

encuentran los iones Mn?* atrapados en el semiconductor’%77:108,

Otra posibilidad interesante para modificar la emisién de los quantum dots dopados con Mn?*
es incluir ademads otro ion diferente como el Cu®. Las particulas dopadas con manganeso
mantendrdn su emisién caracteristica en 590 nm, mientras que la impureza de Cu?
proporcionara un maximo de emisién modificable en funcién del tamafio y naturaleza del

semiconductor en la regién azul-verde!®.

Este tipo de nanoparticulas tienen un futuro
prometedor como diodos emisores de luz blanca (WLEDs), puesto que emiten en una amplia

region del espectro visible, similar a la luz del sol y la luz detectable por el ojo humano'*°.

Finalmente, las variaciones en las condiciones de presién y temperatura utilizadas durante la
sintesis también pueden modificar la emisidn luminiscente de los d-dots. En concreto, se ha
demostrado que la temperatura produce un descenso en la intensidad de emisién luminiscente
para quantum dots de ZnS dopados con Mn, ya que la variacién de la temperatura puede afectar
la interaccidn excitén-fondn y la velocidad de transferencia de energia desde el excitdn al ion
dopante!!!12, También para QDs de ZnS dopados con Mn (Mn:ZnS) se ha observado que un
incremento de la presidn provoca cambios en la intensidad de la emisién (que dependen del
tamafio de las nanoparticulas)''*!%4, El aumento de la presién produce un decrecimiento en la
distancia interatémica lo que se traduce en un incremento del solapamiento entre los orbitales
electrénicos contiguos que, de nuevo, influye en la interaccién exciton-fondn. Estos efectos

deben tenerse en cuenta para el desarrollo de aplicaciones basadas en quantum dots dopados.

Los QDs dopados con Mn pueden ademas, mostrar el fenédmeno conocido como “upconverting”.
El término upconverting se refiere a un proceso dptico no lineal que estd caracterizado por la
absorcién secuencial de dos o mas fotones que conduce a la emisidn de radiacion a longitudes
de onda més cortas que la de longitud de onda de excitacién!®. Esta propiedad es muy atractiva
para aplicaciones médicas de imaging (técnica de imdagen) ya que posibilita utilizar elevadas
longitudes de onda de excitacidn alejadas de la regidn ultravioleta del espectro (que resulta

dafiina para las células vivas).

El empleo del ion Mn%* como dopante otorga a los QDs las propiedades luminiscentes que
caracterizan el fendmeno de upconverting. Tras la excitacion, la banda de emisidn obtenida es

similar a la propia del fendmeno luminiscente convencional, pero ligeramente desplazada hacia
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el rojo (longitudes de onda mas largas); ademas, el tiempo de vida de este tipo de emisién es
mas corto. El efecto observado sobre ambos parametros se relaciona con la potencia empleada
para la excitacion con dos fotones!!®, Recientemente, también se ha demostrado que es posible
emplear tres fotones para excitar los QDs dopados con manganeso. Esto se consigue mediante
el empleo de un laser de femtosegundos en la region del infrarojo cercano (900-990 nm), este
proceso se conoce como upconversion de tres fotones'?. En la Figura 15 se recoge un diagrama

que describe el proceso de excitacién de los QDs con uno, dos y tres fotones*'®,

600 nm
900 nm
430 nm

590 nm ‘ PRPYY.

Mn2+

*
L

Excitacion Emision

Figura 15. Emision de QDs de Mn:ZnS tras su excitacion con uno, dos o tres fotones. La excitacion se
puede producir con la energia correspondiente a un foton de 300 nm (1P), dos fotones de 600 nm
(2P) o tres fotones de 900 nm (3P). La emisidn fluorescente debida al ntcleo de ZnS se centra en
torno a 430 nm, mientras que la emision debida al dopaje con iones de manganeso (Mn:ZnS QDs)
ocurre en torno a 590 nm*,

A.3.3 Ventajas de los d-dots para bioanalisis

Si comparamos los d-dots (p. ej. de ZnS) con QDs tradicionales (p. ej. CdSe o CdTe), existen dos
ventajas obvias: las caracteristicas de la emisidn luminiscente y su composicidn potencialmente

menos toxica.

El tiempo de vida y la emisién conferida por el dopante (metal de transicién o lantanido) ofrecen
tiempos de vida mas largos que la emision fluorescente tipica del QD o la propia
autofluorescencia de medios bioldgicos. Esto unido a la gran separacién entre la longitud de
onda de excitacion y emision (caracteristica de la emisidn fosforescente) ofrece la posibilidad de
llevar a cabo medidas de tiempo resuelto y por tanto emplear estos QDs para el desarrollo de
aplicaciones mas ventajosas en biologia y medicina®3!. Ademds, la composicién quimica de
estos d-dots no incluye metales pesados en su estructura, lo que podria mitigar los problemas

de toxicidad asociados a otros nucleos que contienen Cd, Te o Pb. Aunque también se han
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empleado semiconductores como el CdSe o CdS para obtener d-dots, los mas utilizados hoy son

los d-dots de ZnS y ZnO (por su mayor atractivo para el desarrollo de aplicaciones in vivo).

A.4 TECNICAS DE CARACTERIZACION DE NANOPARTICULAS

El término Nanometrologia (ciencia de la medida aplicada a la nanoescala®) se utilizé por primera
vez en 1991, La habilidad de medir y caracterizar materiales hanométricos es crucial para
fabricar nanomateriales y nanodispositivos con alto grado de exactitud y fiabilidad
(nanofabricacién), y permite la correcta caracterizacion de los nanomateriales sintetizados,

controlando sus aplicaciones potenciales?..

La nanometrologia se refiere tanto a medidas de tamafo y longitud como a medidas de fuerzas,
masas, propiedades dpticas, eléctricas y magnéticas, etc. de dichos materiales. Los instrumentos
y técnicas de medida empleados hoy para la caracterizacién de nanomateriales son muchos y
muy variados. Se debe resaltar que llevar a cabo medidas con precisién nanométrica no esta
exento de dificultades, por ejemplo cambios minimos en las condiciones de temperatura o
pequefias vibraciones pueden tener grandes efectos sobre el resultado obtenido. Los equipos
deben estar correctamente calibrados pero en la practica no existen patrones adecuados para
su calibracién por lo que resulta muy complejo desarrollar y validar procedimientos de medida
estdndar en la nanoescala!®. Esto hace que, en ocasiones, en funcién de la metodologia
empleada para la caracterizacién se obtengan resultado dispares. Asi ciertos autores han
sefalado que el tamafio del nanomaterial especificado por algunos fabricantes puede variar
dependiendo de la metodologia empleada para su medida, e incluso se han llegado a encontrar

diferencias de dos érdenes de magnitud empleando dos técnicas diferentes?:,

Los parametros fisico-quimicos de mayor interés de los nanomateriales desde el punto de vista
analitico son: tamafo y distribucién de tamafios del nanomaterial, forma, estado de agregacion,
pureza, composicion quimica, caracteristicas superficiales, potencial zeta (o carga total
superficial), estabilidad y solubilidad. Si la nanoparticula se somete a procesos de modificacion
posteriores (p. ej. recubrimiento o bioconjugacién) seria necesario incluir otros parametros para

una adecuada caracterizacion de la NP (p. ej. estequiometria, volumen hidrodindmico, etc.).

A continuacidn se recogen de forma resumida, las técnicas de mayor interés empleadas para

identificacion y caracterizacién de nanoparticulas.
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A.4.1 Tamaio y distribucion de tamaiios

El tamafio y la forma de particula son dos caracteristicas importantes que afectan a la estabilidad
fisica y al comportamiento de las NPs en disolucidn. Por tanto, conocerlas es esencial tanto para

comprobar el éxito de la sintesis como para entender su comportamiento posterior.

La microscopia se puede utilizar para observar directamente la morfologia de las nanoparticulas
(tamafio y forma) y medir sus dimensiones. Las técnicas de microscopia electrénica son muy
comunes y fiables para la caracterizacion de los nanomateriales tras el bombardeo de la muestra
con un haz de electrones. El microscopio electrénico de barrido (SEM) analiza los electrones
secundarios que proceden de la superficie de la muestra, y proporciona informacién sobre el
tamafio y forma de las nanoparticulas. Sin embargo, no estd recomendado para el estudio de
QDs tipo nucleo/recubrimiento ya que no permite distinguir entre los dos materiales que
conforman la nanoparticula. A menudo el microscopio SEM estd equipado con un
espectrometro de energia dispersada (EDX o EDS). Este dispositivo monitoriza los rayos X que
son simultdneamente emitidos por la muestra cuando es bombardeada con los electrones
permitiendo llevar a cabo un andlisis elemental (cualitativo y cuantitativo) de la muestra en
diferentes secciones de la misma. Recientemente, se ha demostrado que el microscopio FESEM
(SEM de emisiéon de campo) permite obtener imagenes con mayor magnificacién que el SEM
tradicional y proporciona informacién sobre la rugosidad de la superficie analizada. En el
microscopio electrénico de transmisién (TEM) se generan imagenes a partir del haz de
electrones que atraviesa la muestra (por lo que el espesor de la muestra es un pardmetro muy
importante) y también permite generar imagenes con mayor resolucion que en el caso del SEM;
es posible también confirmar la formacion de QDs nucleo/recubrimiento, aportando datos sobre
el recubrimiento (p. ej. su espesor y uniformidad). Si se emplea la técnica de HRTEM
(microscopio de transmisidn electrdnica de alta resolucidn) se puede obtener una medida mas
precisa del tamafio de nanoparticula, visualizar los limites del entramado cristalino, obtener
informacidén cristalografica sobre las fases cristalinas y los parametros estructurales de los
nanocristales que conforman el nanomaterial. Ademas, es posible acoplar otras unidades como
la unidad de barrido por transmision (STEM) (permite obtener mapas de composicién de las
muestras) o un espectrometro de pérdida de energia de electrones (EELS) para mejorar la

informacién estructural obtenida de la muestra'?2.

Otra alternativa para obtener informacion sobre la morfologia de la muestra es emplear técnicas
de microscopia de barrido con sonda (SPM). Donde |la microscopia de fuerza atémica (AFM) es
la técnica de eleccion para caracterizar quantum dots coloidales. Esta técnica se basa en el

empleo de una sonda dotada de una punta muy fina (del tamafo de décimas de nanémetro)
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que es guiada por la superficie de la muestra pudiendo realizarse el analisis en modo contacto
0 no contacto), y que monitoriza las interacciones entre la punta y la muestra!®. Esta técnica
permite monitorizar muestras conductoras y no conductoras. Asimismo, tanto si las
nanoparticulas han sido o no bioconjugadas, permite obtener informacidn sobre la topografia

superficial y sobre las posibles interacciones entre el nanomaterial y la biomoléculal??1%4,

Se puede afirmar que las técnicas basadas en el empleo de la microscopia resultan
fundamentales a la hora de caracterizar los nanomateriales. Sin embargo, la preparacién de la
muestra puede resultar laboriosa y afectar a la morfologia original de los nanomateriales. La
preparacion de muestra hace necesario depositar la muestra en un soporte sélido y a
continuacién someterla a condiciones de vacio o sequedad, lo que puede alterar la estructura
nativa que presentan la nanoparticulas dispersas en medio acuoso. Otro inconveniente a
considerar es que debido al proceso de preparacién de muestra pueden producirse agregados

u aglomerados de NPs.

Junto con las técnicas de microscopia electrdnica, los métodos basados en medidas de
dispersion de luz son imprescindibles a la hora de caracterizar el tamafio (y la distribucion de
tamafios) de los nanomateriales. Dependiendo de la técnica aplicada se puede obtener
informacién de la estructura, morfologia, didametro hidrodinamico, estado de agregacion, y

conformacion molecular de nanomateriales o sus bioconjugados.

El DLS (Dynamic Light Scattering) resulta especialmente util cuando se persigue obtener
informacidn sobre la distribucidén de tamafios de las nanoparticulas. La informacion obtenida se
corresponde con el didmetro hidrodinamico de la nanoparticula, que considera no sélo el nicleo
inorganico, sino también los ligandos que rodean a la nanoparticula (para conferirle su
estabilidad en el medio en el que se encuentra) y las moléculas de disolvente (ver Figura 16). El
DLS es una técnica simple, no invasiva, no destructiva y relativamente barata. Se basa en
medidas de las fluctuaciones en la intensidad de la luz dispersada, para determinar el coeficiente
de difusion de la particula, que finalmente se relaciona directamente con su tamafo

hidrodindmico®.

Otra técnica alternativa es el MALS (Multi-Angle Light Scattering), que proporciona informacion
acerca de la conformacion de la nanoparticula. Este tipo de deteccidn es aplicable en un
intervalo de tamafios desde 1 nm hasta 1 um, aunque su sensibilidad decrece a medida que
decrece el tamafo de la nanoparticula. La precision de las medidas por DLS y MALS en muestras
complejas es baja, aunque se puede mejorar la medida si se combina la deteccion por DLS o

MALS con técnicas de separacion en funcién del tamafio.
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Figura 16. Representacion esquemdtica de los tamafios de nanoparticula obtenidos empleando
técnicas diferentes para un quantum dot con nucleo inorgdnico (gris claro) recubierto de una capa
de ligandos (gris oscuro) que interaccionardn con el medio en el que se encuentren.

Si el equipo de DLS estda equipado con una unidad de medida del potencial Z, se puede
determinar la carga neta superficial de las nanoparticulas dispersas ademas de la distribucidn
de tamafios de la muestra. Para ello, se aplica un campo eléctrico a través de la muestra y se
mide la velocidad a la que se mueven las especies cargadas hacia un electrodo. Este parametro
esta fuertemente influenciado por el pH, la concentracidon de nanoparticulas, de sales o agente
dispersante, la presencia de tensoactivos, la temperatura o la naturaleza de los ligandos
superficiales. Conocer el valor de la carga neta superficial es importante porque dicha carga
condicionara las interacciones electrostaticas de las nanoparticulas, y por tanto, proporcionara
informacién acerca de la estabilidad de la dispersién coloidal en el medio en el que se
encuentra!?»1%, Generalmente se utiliza como valor de referencia +30 mV. Valores superiores
indican que la estabilidad de la dispersidon de nanoparticulas que conforma la muestra es estable
mientras que, valores inferiores indicaran inestabilidad o tendencia de la muestra a la

aglomeracién'®,

A.4.2 Estructura

La difraccion de Rayos X (XRD) es una técnica de rutina empleada para obtener informacion
estructural de muestras cristalinas, y para identificar sustancias desconocidas mediante la
comparacion de los datos de difraccidon obtenidos con bases de datos del Centro Internacional
de Datos de Difraccidon. Se usa frecuentemente para caracterizar materiales que contienen
componentes de tamafio nanométrico integrados en una matriz bioldgica, o materiales
nanobioconjugados dispuestos en capas (nanobiohibridos)??*1?6, Esta técnica proporciona

informacién sobre la cristalinidad, la estructura cristalogréfica, la identificacion de fases
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cristalinas (o mezcla de fases), parametros de red o tamafno de nanocristal mediante un
tratamiento (refinamiento) matematico adecuado de los difractogramas obtenidos. Cuando
esta técnica se emplea para el analisis de nanomateriales, se observa un ensanchamiento en los
picos de difraccidn que se atribuye al reducido tamafio de las nanoparticulas (lo que complica,

en algunos casos, la obtencién de informacion util).

A.4.3 Composicion

Como se menciond previamente, la técnica EDX permite el analisis elemental cualitativo y
cuantitativo de nanoparticulas. Esta es una técnica sencilla, rapida, directa y de facil
interpretacion para caracterizar la composicion de las nanoparticulas, aunque posee una

resolucidn espacial limitada y no es efectiva para detectar elementos de bajo nimero atdmico.

Actualmente existe un gran interés en poder determinar la composicion y estequiometria
elemental de las nanoparticulas (nUmero de atomos que forman la nanoparticula y relacion
entre los elementos que la conforman). Por ello, los primeros estudios encaminados a la
determinacion de la composicién elemental de los QDs hicieron uso de técnicas atdmicas como
la espectroscopia de Absorcidn Atémica (AAS) con atomizador de llama y mas tarde, con horno
de grafito (GF-AAS)'?’. Posteriormente, la espectrometria de Emisiéon Optica con fuente de
Plasma de Acoplamiento Inductivo (ICP-OES) y la espectrometria de Masas con fuente de Plasma
de Acoplamiento Inductivo (ICP-MS) introdujeron importantes mejoras con respecto a AAS en

la caracterizacion elemental*?.

La espectrometria de Masas con fuente de Plasma de Acoplamiento Inductivo (ICP-MS) es hoy
la técnica mas versatil y poderosa para la determinacidn elemental a niveles de traza y ultratraza
en Quimica Analitica y ha demostrado ser una herramienta muy valiosa para la deteccion
ultrasensible y la caracterizacion de los elementos que componen las nanoparticulas incluso en

matrices complejas'?**,

Existen, ademads, otras técnicas de espectrometria de masas que ofrecen un enorme potencial
analitico en el campo de la caracterizacién de NPs como la espectrometria de Masas mediante
lonizacion por Electrospray (ESI-MS) vy la espectrometria de Masas mediante
lonizacién/Desorcién por Laser asistida por Matriz (MALDI-MS). Ambas técnicas aportan
informacién elemental y molecular sobre la composicién, cuantificacidn, estructura, estado

quimico y la bioconjugaciéon de nanoparticulas a biomoléculas de interés®!,

Por otro lado, la espectroscopia fotoelectrénica de rayos X (XPS) y la espectrometria de

retrodispersién Rutherford (RBS) son técnicas no destructivas Utiles para el analisis de la
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composicion de superficies. La primera de ellas, XPS, requiere condiciones de ultra-alto vacio ya
que la muestra se bombardea mediante un haz monocromatico de rayos X de alta energia (1
KeV). La energia de los fotoelectrones que abandonan la muestra se determina con un
analizador de electrones de alta resolucidn, y se obtiene un espectro con una serie de picos
correspondientes a los fotoelectrones. La energia de enlace de los picos es caracteristica de cada
elemento, por lo que es posible determinar la composicidn superficial de los nanomateriales. A
modo de ejemplo, se ha empleado esta técnica para estudiar el recubrimiento de QDs de

107

CdSe/ZnS**? o la localizacidn de iones dopantes en la superficie de las nanoparticulas'®’. Ademads,

la forma y energia de enlace de los picos puede proporcionar informacidn sobre el estado de

oxidacién del elemento en la muestra*®133.

La técnica RBS presenta una elevada sensibilidad y proporciona de forma precisa la composicion
elemental a través de la medida de los iones dispersados por la muestra. Asi, se puede
determinar la composicion del ndcleo o del nicleo/recubrimiento de nanocristales depositados

en una superficie®.

A.4.4 Recubrimiento superficial

Para estudiar con detalle las capas de ligandos que recubren una NP se puede optar por la
resonancia magnética nuclear (RMN). Esta técnica proporciona informacion fisica, quimica,
estructural o del entorno de las especies sobre la superficie de la nanoparticula, y también
aporta informacién acerca de las interacciones de los ligandos con otras moléculas!?*. La RMN
se basa en medidas del momento magnético de ciertos nucleos magnéticos, tipicamente
hidrégeno (*H), carbono (*3C) y fésforo (3'P), en presencia de un campo magnético aplicado. Esta
técnica permite llevar a cabo la monitorizacién de reacciones de intercambio de ligandos sobre

la superficie del nanomaterial pero no es vélida para nanoparticulas con baja solubilidad®3*,

La espectroscopia vibracional, y en concreto la espectroscopia infrarroja por transformada de
Fourier (FTIR) es también una técnica muy poderosa para obtener informacidn relacionada con
los enlaces quimicos entre los ligandos y las nanoestructuras; asi se puede obtener informacion
sobre la presencia o ausencia de grupos funcionales especificos y determinadas estructuras
quimicas. En ocasiones, se producen desplazamientos en la frecuencia de absorcion
caracteristica de las bandas y cambios en la intensidad, lo que sugieren cambios en la estructura

quimica de las moléculas!®.
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A.4.5 Propiedades intrinsecas

Dependiendo de la composicidon de las nanoparticulas, el empleo de la espectrofotometria de
absorcién molecular ultravioleta-visible (UV-Vis) es una medida indispensable para la
caracterizacion de sus propiedades dpticas y espectroscépicas, que también se puede emplear
en algunos casos para evaluar su concentracion, tamafio y estado de agregaciéon'?*. La “anchura
a la mitad del maximo” de emisién fluorescente se emplea para estimar la distribucién de
tamafios de la poblacion de quantum dots que compone la muestra: a menor anchura del
maximo de emisidon mayor calidad de las nanoparticulas. Asimismo, el rendimiento cuantico de
la fotoluminiscencia puede aportar cierta informacion sobre la presencia de defectos en la

superficie del nanocristal*?,

Tanto en el caso de la absorciéon UV-Vis como de la luminiscencia, un cambio en el entorno de
los ligandos o en la composicion del disolvente suele provocar variaciones en los espectros de
absorcién y emisién de los QDs. Por todo esto, ambas técnicas se emplean profusamente y

constituyen la base firme para el desarrollo de gran cantidad de sensores dpticos*®.

Finalmente mencionar que los métodos electroquimicos proporcionan informacion util sobre
los niveles de energia superficiales de nanoparticulas semiconductoras tras los procesos de
transferencia de carga'”. Para la caracterizacion de las propiedades electroquimicas de las

nanoparticulas (p. ej. potencial redox y reversibilidad del sistema) se puede emplear la

Voltametria Ciclica (CV) pero pueden presentarse problemas debido a la baja solubilidad de las

NPs en las disoluciones electroliticas®’.

A.4.6 QDs dopados

Una caracterizacién apropiada de los d-dots requiere controlar la concentraciéon de los
elementos dopantes y determinar su localizacién en el nanomaterial’?. Algunas de las técnicas
mencionadas anteriormente permiten detectar la presencia de las impurezas metalicas
introducidas en los d-dots. El dopaje de los nanocristales puede provocar variaciones en los
parametros estructurales de las redes cristalinas o incluso la aparicién de nuevas fases que se
pueden detectar mediante XRD. La XPS o RBS permiten conocer la localizacién de los iones
dopantes si estos se encuentran en la superficie de los nanocristales e incluso determinar su
estado de oxidacién’®. Por otro lado, el empleo del ICP permite el andlisis y la cuantificacion de
todos los atomos que conforman la NP. Ademas, dado que la luminiscencia proporciona
informacién sobre los procesos radiativos que se producen en el interior de las nanoparticulas,

se puede emplear como herramienta de rutina para comprobar el éxito del proceso de dopaje.
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Sin duda, la espectroscopia de Resonancia Paramagnética Electréonica (EPR) puede considerarse
como una técnica especifica para la caracterizacién de d-dots puesto que es sensible a la
presencia de electrones paramagnéticos (como el Mn). Esta técnica permite conocer el estado
de oxidacion de los iones paramagnéticos, obtener informacion de la simetria y/o de la
distribucidon electrénica de un ion paramagnético en relacion a los atomos de los ligandos que
constituyen el entorno del mismo y finalmente cuantificar la concentracion del ion dopante en

la nanoparticula’ 138,

Recientemente, se ha propuesto la posibilidad de conocer la localizaciéon de las impurezas
metalicas en los d-dots de forma directa mediante la toma de imagenes combinando el empleo

de microscopia de transmision electrénica con anélisis estadistico multivariante314°,

A.4.7 Otras técnicas

Para concluir esta seccion hay que destacar que muchas de las técnicas anteriormente descritas
son complementarias y se emplean para llevar a cabo la caracterizacién del nanomaterial en su
forma aislada. Sin embargo, en la mayoria de las aplicaciones, las nanoparticulas se someten a
procesos de modificacién o derivatizacién posterior (p. ej. solubilizacion en medios acuosos o
derivatizacidon con algun tipo de biomolécula) para adaptar el material a las exigencias de la
aplicacion que se pretende desarrollar'?®. En estos casos, ademds de las técnicas de
caracterizacion que hemos discutido a lo largo de esta seccién, puede ser necesario emplear

otras técnicas diferentes para la caracterizacion o la purificacién.

Las técnicas de separacion son relativamente baratas y normalmente estan disponibles en la
mayoria de los laboratorios. Algunas ya se emplean de forma rutinaria para la purificacion de las
NPs (aisladas o funcionalizadas), pero también pueden ser bastante efectivas para una
caracterizacion posterior. Las técnicas cromatograficas, y en concreto la cromatografia liquida
de alta eficacia (HPLC), acoplada a una columna adecuada ya ha demostrado su utilidad para la
caracterizacion de nanoparticulas bioconjugadas. En concreto, la cromatografia de exclusion por
tamarios (SEC) se ha aplicado a la separacion de muestras complejas de nanoparticulas, entre
ellas QDs (aunque estos métodos estdn limitados por la estabilidad coloidal de las particulas,

que pueden agregarse o adsorberse en la fase estacionaria)4142,

Por otro lado, los métodos electroforéticos resultan también de gran utilidad para la
caracterizacion de NPs bioconjugadas. Bajo las condiciones dptimas, la electroforesis en gel ha
mostrado buena resolucion, siendo capaz de separar nanoparticulas marcadas con solo una, dos
o tres biomoléculas sobre su superficie’*. Otra técnica muy empleada para la purificacién de

nanomateriales es la ultracentrifugacion analitica (AUC). Su mayor ventaja es su efectividad para
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trabajar con nanoparticulas que presentan dispersion de tamafos. La velocidad de
sedimentacion de las particulas depende de la densidad de las mismas y del medio en el que
estén suspendidas y no del tamafo de particula. Consecuentemente, las NPs se comportan de

forma distinta cuando se someten a una fuerza centrifuga!?#1%,

Por ultimo, la técnica FFF (Field-Flow Fractionation)** es una herramienta de separacién
hidrodinamica de flujo asistido que permite la separacion fisica de pequefias cantidades (masas
en el intervalo de ng-ug) de macromoléculas o particulas. Esta técnica se considera hoy clave
pro ser muy versatil y con un alto potencial para separar, detectar y cuantificar NPs en matrices
medioambientales'®. La separacidn de las nanoparticulas tiene lugar en funcién de su didmetro
hidrodindmico (en ausencia de una fase estacionaria), mientras que la deteccién dependerd del

detector concreto (acoplado en linea) seleccionado.

A.5 APLICACIONES ANALITICAS DE LOS QUANTUM DOTS BASADAS EN LA
DETECCION LUMINISCENTE
Las especiales propiedades de los quantum dots explican su gran atractivo para desarrollar

aplicaciones analiticas nuevas en diferentes campos (Figura 17), en especial en (bio)quimicoa,

biologia y medicina.
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Figura 17. Resumen de las principales aplicaciones de los QDs en (bio)andlisis.
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Los QDs ofrecen una excelente alternativa a los fluoréforos convencionales. La emisién
luminiscente de los QDs puede ser sensible a la presencia de ciertas moléculas, lo que da lugar
a una alteracion de la emisidn luminiscente de la nanoparticula (sefial analitica) debido a la
transferencia de electrones, de energia (FRET-F&ster o Fluorescence Resonance Energy Transfer)
o la aparicién de trampas o defectos'**18, Es decir, la medida de tales sefiales permite el

desarrollo de nuevos sensores luminiscentes de los analitos correspondientes.

Por ejemplo, la emision fotoluminiscente de un QD esta fuertemente influenciada por el estado
de su superficie. Los pares hueco/electrén creados en el nucleo del QD estan espacialmente
confinados por el tamafio de la nanoparticula. Por ello, cualquier cambio superficial o
interaccion fisica o quimica de una especie dada con la superficie del nanocristal podria causar
la creacién de trampas que, obviamente, pueden provocar cambios en la eficiencia de la
recombinacion de los excitones, afectando a la emisién luminiscente!*. Las alteraciones de la
emisiéon de los nanocristales puede estar causada por diversos fendmenos como las
interacciones con iones, procesos de recombinacién no radiativa, procesos de transferencia de

electrones o efectos de filtro interno®*.

Los mecanismos de transferencia de energia, en concreto, se han empleado ampliamente en
bioanalisis. En particular los QDs presentan una serie de ventajas como fluoréforos “donadores”
en procesos FRET™!: su emisidn es sintonizable lo cual permite aumentar el grado de
solapamiento espectral que junto con el elevado rendimiento cuantico de los QDs, posibilita
mantener un proceso FRET eficaz para distancias de separacién aceptor-donador (A-D) mayores.
Ademas, el empleo de quantum dots dopados como donadores en sistemas FRET resulta muy
atractivo debido a los largos tiempos de vida del estado excitado (que permiten eliminar las

interferencias de los medios bioldgicos)?.

CRET (Chemiluminescence Resonance Energy Transfer) y BRET (Bioluminescence Resonance
Energy Transfer) son dos procesos de transferencia de energia quimioluminiscente o
bioluminiscente que generan un estado excitado donador debido a una reaccién quimica o
bioquimica, respectivamente. En ambos casos, una vez que se produce el estado excitado
donador, la eficiencia de la transferencia de energia se puede modelar como en el caso del FRET.
Una ventaja de CRET y BRET sobre FRET es su bajo fondo, incluso en muestras complejas. La
ausencia de excitacidén dptica evita la autofluorescencia de la muestra, la dispersion de la luz
procedente de la fuente y la excitacidn directa del aceptor. En este caso, los QDs resultan
aceptores de energia ideales debido a sus anchos espectros de emisidn que permiten un gran

solapamiento espectral y una buena separacion entre la emision del donador y el aceptor. Sin
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embargo, conviene mencionar que el CRET tiene limitaciones ya que oxidantes como el H,0,,

necesarios para este proceso, pueden desactivar la emisién de los QDs#612,

A.5.1 Aplicaciones en analisis quimico

Como ya se ha comentado en el apartado anterior, la interaccién directa de un analito con la
superficie de los QDs puede provocar cambios en las propiedades luminiscentes (fluorescencia
o fosforescencia) de la nanoparticula y puede emplearse en la deteccién de pequeiias moléculas

e iones empleando QDs de diferente naturaleza®,.

Los mecanismos de estos cambios de la luminiscencia de los QDs son variados. En uno de los
trabajos pioneros que emplean esta metodologia, se mostraba un incremento en la emisién de
luminiscencia de QDs de CdS en presencia de Cd** que se atribuyd a la formacién de Cd(OH);
sobre la superficie de la nanoparticula (de esta forma se evita la recombinacién no radiacional
de los portadores de carga)'. Efectos similares se observaron al afiadir bien Zn** o Cu®,
simplemente variando el ligando que recubre la nanoparticula de CdS'™, o Ag" sobre
nanoparticulas de CdS modificadas con L-cisteina®>. Sin embargo, la mayoria de las aplicaciones
analiticas propuestas hasta la fecha utilizan los QDs como indicadores directos y estan basadas
en medidas de la desactivacion de la luminiscencia tras la interaccidn con el analito. En general,
la atenuacion de la emisidn se atribuye a efectos de filtro interno, vias de recombinacién no
radiativas y procesos de transferencia electrénica. En la bibliografia es posible encontrar

métodos para la deteccidn de diferentes cationes de forma individual (Hg?* 156158, Cu?+ 159160 Ag*

* 162 varios metales de transicion'®®), y también aniones de interés

161) o conjunta (Cu®* y Ag
(yoduro®®, cianuro®%), Ademas, siguiendo este tipo de mecanismo se han podido determinar

otras especies quimicas como la presencia de nitrocompuestos®®’ (el explosivo trinitrotolueno

168 169

(TNT) o nitrobenceno) o medicamentos como la sulfadiacina'®® o espironolactona'®® en medios
acuosos. Otros estudios incluyen la determinacidn de contaminantes como el p-nitrofenol o 1-

naftol empleando QDs recubiertos con B-ciclodextrina’®,

Aunque se han detectado proteinas como la BSA y aminoacidos como la L-cisteina en fluidos
bioldgicos'’?, estos métodos parecen limitarse a la deteccidn de solo unos pocos metabolitos

(moléculas pequefias) debido a la complejidad de las muestras reales analizadas.

Asimismo, previa encapsulacion de los quantum dots en polimeros, se ha descrito el analisis de
compuestos volatiles como la benzilamina y trietilamina®’?, hidrocarburos (xilenos y toluenos)!’?
o folmaldehido'®. Los gases se ensayaron individualmente; pero empleando el andlisis

multiparamétrico se ha podido detectar de forma simultdanea mas de un vapor usando QDs de
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diferente tamafio'’® o usando nanoparticulas de CdSe/ZnS incorporadas en una matriz tipo sol-

geI 176

Sin duda, la deteccion mas empleada en este tipo de sensores dpticos se basa en medidas de
fluorescencia, pero los QDs dopados podrian ofrecer alternativas a dicha deteccion favorables
(p. €j. la fosforescencia, quimioluminiscencia, electroquimioluminiscencia y dispersién de la luz,
dependiendo de la impureza seleccionada). Normalmente, la emision debida al dopante
presenta una mayor fotoestabilidad que la debida a la emisidn del semiconductor base de la
nanoparticula (que depende fuertemente de las condiciones de sintesis y del medio en el que

se encuentren).

A.5.2 Bioanalisis

Como hemos visto, estos QDs son especialmente adecuados para el campo del bioanalis (uso
de/en inmunoensayos, deteccion de &cidos nucleicos y biomoléculas,monitorizacién de

procesos de catalisis, etc.).

La mayoria de las aplicaciones bioanaliticas descritas hasta la fecha utilizan los QDs como marcas
luminiscentes, lo cual requiere la conjugacién previa de la nanoparticula a una determinada
biomolécula (o al menos con una molécula “puente”) para propiciar el reconocimiento del
analito de interés. Entre las biomoléculas “de reconocimiento” empleadas se incluyen proteinas,
anticuerpos, aptameros, oligonucledtidos, etc., y como resultado, se obtiene una nanoparticula
bifuncional que auna las propiedades de ambos materiales: las propiedades fotoluminiscentes

de los QDs y la funcién bioldgica de la biomolécula.

Hasta el momento los métodos quimicos mas empleados para establecer la unidn
nanoparticula-biomolécula se basan en la quimica tradicional de marcaje de proteinas. En la
Figura 18 se recogen las estrategias generales mas representativas de bioconjugacién de
guantum dots. Asi, es frecuente que los enlaces se establezcan por medio de los grupos amino,

4cido, tiol, o bien a través de la quimica de la carbodiimida, succinimidil ésteres o maleimida“®**4,

Sin embargo, a pesar de que estos procesos estan ya muy controlados, cuando se trabaja con
nanoparticulas pueden aparecer problemas en el proceso de: agregacién (por
entrecruzamiento), de valencias multiples (diferente ndmero de biomoléculas por

nanoparticula), o incluso de pérdida de actividad bioldgica de la biomolécula.
Idealmente, en todos los procesos de bioconjugacion?’’, deberia existir un control sobre:

- El nimero de biomoléculas por QD (“valencia” del conjugado) importante a la hora de

desarrollar aplicaciones cuantitativas de analisis.
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- La orientacion espacial, aspecto clave durante los procesos de unidn estable de la

biomolécula o de catalisis.

- Disposicion y distancia de la biomolécula al nucleo del QD, esencial en el desarrollo de

aplicaciones tipo FRET o de transferencia de carga (CT).

- La estabilidad del conjugado final, un pardmetro critico en el caso de aplicaciones que
impliquen el empleo del bioconjugado final durante periodos de tiempo relativamente

largos.
- Laretencién de la actividad bioldgica de los “elementos de reconocimiento” utilizados.

- La reproducibilidad del proceso global de sintesis.
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Figura 18. /lustracidon que muestra ejemplos de la quimica superficial y diferentes estrategias de
bioconjugacion empleadas con los QDs. El perimetro gris alrededor de la nanoparticula representa
un recubrimiento genérico de la superficie del QD que puede estar asociado a la superficie del QD
via interacciones especificas (e) o por coordinacion de ligandos (a y b). La solubilidad acuosa del
recubrimiento se consigue por grupos amino o carboxilo (c) o el ligando PEG funcionalizado (d). Las
estrategias comunmente empleadas para la bioconjugacion estdn representadas por (a), (b), (f), (9),
(h), (i) v (j). La figura no estd escalada®®.

Tal vez uno de los tipos de conjugacion que proporciona mejores resultados, en términos de
control de la bioconjugacidn, es la conocida interaccidn biotina-avidina. En todo caso, conseguir
la bioconjugacion que cumpla todos los requisitos mencionados anteriormente todavia es uno

de los mayores obstdculos actuales al avance de los QDs para bioanélisis®2. Ademds, en la

mayoria de los casos, la estrategia de conjugacion mas adecuada debe seleccionarse
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dependiendo de la aplicacion posterior y de otros aspectos tales como simplicidad,

disponibilidad de los reactivos o su coste®.

A.5.2.1 Inmunoensayos basados en Quantum Dots

Hasta la fecha se han desarrollado numerosos formatos de inmunoensayos utilizando
nanomateriales fluorescentes como marcadores’®, De hecho se han desarrollado
fluoroinmunoensayos competitivos basados en conjugados QD-anticuerpo para la deteccidn de
diferentes analitos, desde pequefias moléculas hasta proteinas, virus y bacterias'’®82, En estos
ensayos, los QDs pueden ser utilizados como marca del anticuerpo, primario o secundario, para

lograr la deteccidn del residuo o analito de interés.

En la linea de analisis multiparamétrico, se han conseguido detectar de forma simultanea varios
analitos (p. ej. la toxina del célera, shiga-like, enterotoxina y ricina'®®). Para ello, QDs de distintos
tamafios (distinta emisién fluorescente) fueron modificados con DHLA (acido dihidrolipoico) y
se recubrieron con MBP (Malthose binding protein) y la proteina G (PG) (MBP se utiliza como
herramienta de purificacion del exceso de anticuerpo durante la formacién del bioconjugado y
la PG como puente de unién con el anticuerpo antitoxina). Sin embargo, esta metodologia exige
un tratamiento de datos complejo para la deconvolucién de los espectros de fluorescencia
obtenidos. También se ha publicado la deteccidn simultdnea de residuos de medicamentos®
en tejido muscular de pollo, de biomarcadores infecciosos!® (hepatitis B, hepatitis C, VIH) en
muestras de suero humano y de cinco residuos de drogas ilegales!® en China, mediante el
empleo de conjugados de anticuerpo-QD de diferentes colores usando un inmunoensayo tipo
sandwich. Aunque la deteccién multicanal se consigue facilmente (modificando la emision de
los QDs empleados) existen problemas debido a uniones inespecificas (cross-reactivity) que
pueden limitar el nimero de analitos detectados en el sistema experimental de forma

simultanea'®’.

A.5.2.2 Empleo de quantum dots en gendmica y protedmica

Los QDs, como las NPs de oro o plata, se han empleado con éxito durante los uUltimos afios para
llevar a cabo la deteccidon de acidos nucleicos, proteinas y pequenas biomoléculas). La
conjugacioén de los QDs a “elementos de reconocimiento” especificos como segmentos de acidos
nucleicos de cadena sencilla, tanto ADN como ARN (denominados aptdmeros®®) u
oligonucledtidos que se conjugan en la superficie de la nanoparticula es el punto de partida para

la determinacién selectiva de proteinas y/o acidos nucleicos a través de inmunoensayos. Las
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técnicas de analisis mas empleadas para estos ensayos incluyen FISH (Fluorescence In Situ

Hybridization), FRET (Fluorescence Resonance Energy Transfer) y microarrays.

A modo de ejemplo, se ha desarrollado un método para la deteccion de hibridacién de ADN
basado en la co-localizacién multicolor de oligonucleétidos marcados con QDs de diferentes
colores!®. De forma similar, Wang y col.**® usaron tres QDs con diferente emisién luminiscente

para la deteccion de tres secuencias del gen BCRA1 relacionado con el cancer de mama.

Ademas de los ensayos de hibridacién para la deteccion de genes conviene mencionar los

ensayos de “ensamblaje electrostdtico” de &cidos nucleicos 14

y aquellos basados en el proceso
FRET®2192 En una linea similar, Y. He y col.?®® proponen la alteracién de la emisién fosforescente

de quantum dots de Mn:ZnS para la deteccién de ADN de cadena doble.

Otra posibilidad interesante consiste en usar los QDs como donadores unidos a un tipo de
oligonucledtidos que reciben el nombre de molecular beacons'®*. Este oligonucleétido posee en
un extremo la especie donadora (normalmente QD) y en el otro la aceptora. En presencia de
una sonda complementaria o diana, se inducird un cambio conformacional en el oligonucleétido
que provocara una variacion en la distancia del par donador/aceptor. Dicho cambio se registrara
como una alteracion medible de la luminiscencia del donador (frente a los fluordforos

convencionales, los QDs consiguen mejorar la fotoestabilidad).

Los aptameros marcados con QDs han sido una via muy empleada para el reconocimiento de
proteinas ya que son capaces de modificar su conformacion estructural tras la hibridacién.
Probablemente, el aptamero mas utilizado y estudiado es el aptamero de unidn a la trombina,
aunque también se han empleado otros (p. ej. para deteccidon de proteinas de relevancia en

cancer, de diferentes factores de crecimiento, de citoquinas, etc.)'®1%,

También resulta de interés analitico, el empleo de QDs en estudios de actividad enzimatica. Se

han descrito aplicaciones para determinar la actividad de proteasas!®1%

que juegan un papel
importante en los procesos bioguimicos, de tripsina®¥’, lisozima'®® o colagenasa®®. El esquema
general se basa en la conjugacion de los QDs seleccionados con numerosas copias del mismo
péptido que también estarda marcado con el aceptor, si la deteccién es tipo FRET, o en la
conjugacién de los QDs con una proteina de interés. La adicién de una enzima especifica provoca
la ruptura del péptido o proteina, lo que desestabiliza el complejo con el QD y altera de forma

progresiva la sefial luminiscente, permitiendo monitorizar la actividad de la enzima en funcién

del tiempo.

Un campo emergente y de gran interés potencial es la bioconjugacidon de QDs con aptameros o

anticuerpos capaces de reconocer la superficie de microorganismos patdgenos. Un ejemplo
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ilustrativo puede ser la evaluacién del efecto de dos aminoacidos, L-cisteina o histidina, como
ligandos de QDs de Mn:ZnS, en el crecimiento y proliferacién de Escherichia coli (E. coli)**°.
También se ha publicado muy recientemente el empleo de tales QDs recubiertos de chitosan
para la deteccidn de E. coli, al permitir que los d-dots penetren en las células microbianas y

puedan usarse como marcas luminiscentes internas2®.

A.5.3 Aplicaciones biomédicas

Las primeras aplicaciones biomédicas empleando QDs como marcadores fotoluminiscentes
fueron desarrolladas de forma simultdnea por Alivisatos y col.>* y Nie y col.*® en 1998. En el
primer caso se emplearon QDs con dos emisiones luminiscentes diferentes, recubiertos de una
capa de silice, y modificados con grupos funcionales apropiados en cada caso para permitir
observar su afinidad por el nicleo de las células. En el segundo caso?, los QDs se modificaron
con acido mercaptoacético para permitir el estudio de la absorcion de la proteina transferrina
en células tipo HelLa. Ambos trabajos constituyen un hito esencial en el desarrollo y empleo de
los QDs para aplicaciones biomédicas ya que describen, por primera vez, la posibilidad de

sintetizar QDs biocompatibles y con capacidad de bioconjugacion.

Desde estos dos trabajos pioneros, los QDs se han empleado como marcadores en el
seguimiento de proteinas en la superficie celular o en los organulos intracelulares o también en
el estudio de procesos de transduccidn, transporte y localizacion de las funciones especificas de

una biomolécula a tiempo real>*291:202,

El método mas general (por su simplicidad, resolucién, sensibilidad y robustez) para visualizar
células o estructuras proteicas y moléculas en células asi como monitorizar procesos celulares
es la microscopia de fluorescencia (con resolucidn subcelular)?®. Tras el marcaje de células con
QDs, es posible realizar el seguimiento biomolecular en células y la tincién de tejidos para
finalmente llevare a cabo la deteccidn por imagen (imaging in vitro)*’?%, Se ha demostrado que
el marcaje con QDs permite visualizar las células bajo iluminacion continua, obteniendo una
emisién multicolor (dependiente de las nanoparticulas empleadas), con gran resolucion,
selectividad y precision®®. Para este propdsito, normalmente es necesario emplear
nanoparticulas bioconjugadas con moléculas apropiadas (normalmente péptidos o anticuerpos)
para el reconocimiento especifico de los receptores celulares. Dichos QDs bioconjugados con
péptidos o anticuerpos especificos se pueden emplear para detectar componente subcelulares
una vez internalizados por las células de interés (si la estructura de interés se halla en la
superficie de la célula, l6gicamente no es necesario que los conjugados atraviesen la membrana

celular, el reconocimiento se consigue alli con el receptor de membrana especifico).
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Estos estudios celulares o subcelulares normalmente se realizan in vitro, lo cual requiere la
extraccién previa de las células, el crecimiento de las mismas en cultivos (fijacidn celular) y por
ultimo el sacrificio de las células para realizar los estudios y ensayos correspondientes. Sin
embargo, la tendencia actual son los ensayos in vivo, esta investigacion se realiza incorporando
los QDs funcionalizados en células y tejidos vivos de modo que los estudios se realizan a tiempo
real. En estos casos, se dice que los QDs actlan como agentes de contraste®®. Tanto en los
estudios in vitro como in vivo, los mecanismos de internalizacidn de los quantum dots en la célula
resultan criticos?®*?%, y su conocimiento es clave en el desarrollo de nuevas aplicaciones

farmacoldgicas (transporte y distribucion de medicamentos)*’-2¢,

En el dmbito clinico, es destacable el enorme esfuerzo investigador en el empleo de QDs como
indicadores luminiscentes para el diagnéstico del cancer. Los medios actualmente existentes
para el diagndstico de esta grave enfermedad estan limitados a la deteccidon de tumores de
tamanfio relativamente grande (0,5-1 cm) e implican la exposicion de los pacientes a radiacién y
el empleo de técnicas invasivas (p. ej. Biopsias). Por ello, actualmente existe una demanda
urgente de técnicas de “alarma temprana”, que permitan el diagndstico de tumores malignos
de forma precoz (diagnéstico precoz). En este contexto, los QDs pueden jugar un gran papel para
desarrollar biomarcadores de diagndstico temprano y en técnicas de imagenes (imaging) para

diagndstico clinico?07:2%8,

Los elevados rendimientos fluorescentes de los QDs justifican ademas su empleo en el estudio
de tejidos profundos (imaging o deteccién in vivo). Ademas, los QDs pueden servir como sondas
luminiscentes sensibles para examinar varios marcadores tumorales simultdneamente (por su
capacidad de deteccion multianalito gracias a su amplio intervalo de emisién luminiscente
modulable). No obstante, la propia autofluorescencia de los tejidos puede enmascarar la
fluorescencia de quantum dots por lo que existen QDs de emisién en la regién del infrarrojo para
evitar tales problemas de autofluorescencia (es decir, se minimizan las interferencias del fondo
luminiscente propio de la matriz biolégica del tejido)?®. Otra alternativa de interés que se ha
investigado recientemente es utilizar las técnicas de microscopia multifoton (excitacion de los
fluordforos por la absorcién casi simultdnea de dos o tres fotones de menor energia?'®) con lo
que se consigue mayor penetracidon en los tejidos, mejora la sensibilidad y se minimiza la
fotodegradacién de las nanoparticulas. Asi, se han descrito ejemplos de este tipo de estrategia

de bioanalisis empleando quantum dots de CdSe/ZnS?!! o d-dots de ZnS dopados con Mn?%,

En este tipo de aplicaciones biomédicas deben considerarse a fondo problemas relacionados
con la toxicidad, debido a los largos tiempos de residencia de las nanoparticulas y la posible

liberacion de metales pesados.
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Ademas, los quantum dots se han empleado en el desarrollo de tecnologias para el transporte
y liberacién de farmacos especificamente en el lugar dafiado o enfermo, permitiendo
transportar farmacos, vacunas y ADN a las células y tejidos afectados pero sin interferir
negativamente en otras zonas del cuerpo (tanto en células como en pequefios animales)?%213,
Los QDs de ZnS y ZnSe dopados con metales de transicion (como los empleados en esta Tesis) a
priori son menos nocivos para los organismos vivos, por lo que son muy prometedores también
para su empleo en dicha distribucion selectiva de medicamentos. De hecho, Xu y col.?** han
empleado QDs de Mn:ZnS recubiertos con glicopolipéptidos para el transporte y distribucién in
vitro de ibuprofeno. Este recubrimiento permite transportar grandes cantidades del

medicamento pero también su liberacién controlada.

Existen, ademads, nanoparticulas “hibridas”, que combinan QDs y nanoparticulas magnéticas y
que poseen la habilidad para combinar funciones terapéuticas y de diagndstico (theranostic
nanoparticles)*®-?*>, Por un lado es posible la deteccién del analito de interés (biomarcador) por
imaging éptico o magnético (MRI) ya que las nanoparticulas contienen en su estructura iones
con propiedades paramagnéticas y, por otro, estos sistemas permiten el transporte intracelular

de las especies de interés?'®,

Otra alternativa prometedora para aplicaciones in vivo consiste en el empleo de los QDs como
aceptores de un proceso de transferencia de energia bioluminiscente (BRET). Empleando como

27 inmovilizada sobre la

enzima la luciferasa, que cataliza la reacciéon de la coelenterazina
superficie de la nanoparticula, la adicién del sustrato provoca la generacién de fotones y por
tanto la excitaciéon de los QDs (que actian como aceptores) consiguiéndose asi su auto-
iluminacidn. Este fendmeno posibilita el empleo de estos bioconjugados como sensores para la
monitorizacién de procesos in vivo o para la toma de imagenes sin necesidad de emplear una
fuente de excitacién o lampara externa, evitando los problemas mencionados anteriormente de

la autofluorescencia de los tejidos o células, asi como problemas de penetracién de la fuente

externa en los tejidos a estudio.

En este contexto, al final de esta Introduccidn (seccidon A7) se incluye nuestro articulo de revisién
analitica, publicado en la revista Analytical and Bioanalytical Chemistry: “Nanoparticles as
fluorescent labels for optical imaging and sensing in genomics and proteomics” que resume el

uso de QDs como marcadores en estudios de gendmica y protedmica.
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A.6 TOXICIDAD INDUCIDA POR NANOPARTICULAS

Cualquier nueva tecnologia emergente puede causar un efecto adverso e inesperado sobre
importantes aspectos sociales, econémicos y medioambientales en nuestro mundo. A menudo,
tales problematicas aparecen después de que un nuevo producto haya sido comercializado y
ampliamente usado a nivel mundial®®®. Las consecuencias de su empleo a gran escala incluyen
tanto problemas de salud humana como dafos al medio ambiente, que exigen grandes y

costosos esfuerzos de limpieza a posteriori asi como nuevas regulaciones (y sanciones).

El crecimiento emergente de la industria nanotecnolégica (bienes de consumo) pone de
manifiesto la necesidad de considerar de forma global el impacto de los nanomateriales, tanto
en la salud humana como en el medioambiente, asi como la seguridad de su manipulacién ya
que, en términos generales, se desconoce su persistencia y acumulacion a largo plazo?*2%, Por
ello, agencias reguladoras como la EPA y la Unidn Europea (Programa REACH) ya han incluido

ciertos nanomateriales en las listas de contaminantes emergentes!’222223

y se ha alertado
respecto a la necesidad de investigar sus posibles riesgos, su impacto medioambiental
(persistencia y comportamiento) y sus efectos en los sistemas bioldgicos (efectos in vivo, a nivel
celular, subcelular y molecular). Asi que, paralelamente a la intensa actividad investigadora
orientada hacia la busqueda de nuevas NPs o mejorar las existentes, sumado al interés por

desarrollar nuevas aplicaciones, por otro lado, se ha creado un area especifica de investigacion

relacionada con la toxicologia, la Nanotoxicologia®*“.

Cuando se disminuye el tamafio de una particula, tiende a aumentar su toxicidad, incluso si el
material de partida es inerte??>. Por ello, para evaluar la toxicidad de un nanomaterial, es
imprescindible su caracterizacién adecuada. Dicha caracterizacién debe considerarse como una
parte esencial del proceso de evaluacién toxicolégica??®. Sin embargo, no debe olvidarse que
hoy por hoy no existen protocolos estandarizados ni materiales de referencia para realizar estos
ensayos, por lo que la comunidad investigadora intenta buscar y establecer las metodologias

iddneas para llevar a cabo la evaluacidn toxicoldgica de las NPs?%,

A.6.1 Nanoparticulas en el medio ambiente

La creciente produccién y empleo de nanomateriales provoca, inevitablemente, su acumulacién
en el medio ambiente y esto puede acarrear importantes riesgos para la salud humana y
medioambiental. Por tanto, la investigacion de la seguridad de las NPs se ha convertido en un

problema general mundial®?®?%’,

53



INTRODUCCION

El reparto de las nanoparticulas en los diferentes compartimentos medioambientales (ver Figura
19) ha sido ampliamente estudiado en funcién de su movilidad, biodegradacién y persistencia,
entre otros factores. Todos estos parametros dependen de las propiedades fisico-quimicas de
las NPs?2®, A la hora de evaluar el impacto medioambiental, la toxicidad inherente de la NP
aislada no es la Unica caracteristica a tener en cuenta, ya que una vez en el medio, las
nanoparticulas pueden interaccionar con la materia organica, y otras particulas de diferente
tamafio que alteran su estabilidad. Ademas, las nanoparticulas también pueden sufrir diversas
transformaciones debido a la accién de la luz, o la presencia de oxidantes vy
microorganismos???, De hecho, la agregacion de las particulas y su carga superficial son
pardmetros muy importantes que influye en gran medida en la biodisponibilidad y en el
comportamiento de las NPs y determina su transporte en aguas superficiales y subterraneas y

su posible sedimentacién en suelos??:2%°,

Conocer las transformaciones sufridas por las nanoparticulas por la interacciéon con el medio
(atmdsfera, ecosistema acuatico y en los suelos) es hoy de enorme importancia (ver Figura 19),
asi como un complejo que necesita ser analizado en su totalidad para entender el
comportamiento de estas NPs en el medio ambiente?*°. De hecho, hoy es crucial estudiar las
diferencias en la especiacion quimica de las NPs (entre iones de las NPs disueltos, NPs coloidales
o particulas en suspensién) como consecuencia de su disolucién y agregacidon bajo las

condiciones ambientales??2.
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Figura 19. Posibles vias de incorporacion de las nanoparticulas en el medio ambiente.
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A.6.2 Toxicidad en los medios bioldgicos

La utilizacion generalizada de NPs, y en concreto de QDs, en aplicaciones biomédicas y en
productos de uso cotidiano, favorece su acceso a tejidos, células y moléculas bioldgicas, dentro
del cuerpo, de forma no intencionada. Como resultado, las células son frecuentemente

expuestas a una amplia variedad de nanoparticulas.

El pequeno tamafio y gran drea superficial de las NPs incrementa su probabilidad para atravesar
la membrana celular. Como su tamafio es similar a los componentes celulares, podrian inducir
cambios estructurales en proteinas y acidos nucleicos. Estas interacciones afectarian
potencialmente a procesos vitales como la funcion de enzimas, la transcripcion y traduccién de
genes. Al mismo tiempo, su gran area superficial incrementa su reactividad quimica por lo que
las nanoparticulas podrian actuar como medio de transporte de otros contaminantes y por tanto

les proporciona un transporte rapido y de largo alcance??*231,

Por tanto, resulta prioritario establecer ensayos fiables y efectivos capaces de evaluar el riesgo
de la exposicidn de las células vivas a las nanoparticulas??. Por desgracia, los mecanismos de
interaccion entre las nanoparticulas y los sistemas biolégicos son en su mayoria desconocidos
todavia. Asi es posible encontrar bibliografia que pone en evidencia la falta de consenso actual
sobre los diferentes efectos causados y su evaluacion. Esto se debe fundamentalmente a la gran

diversidad de variables involucradas tales como?31:233 234,

- Tipo de nanoparticula y su recubrimiento superficial

- Parametros fisico-quimicos de las nanoparticulas (diametro, carga, topografia y area
superficial)
- Condiciones del experimento, incluyendo los diferentes tipos de ensayo, exposicidn

(tiempo y dosis) y tipos de células o especie animal empleadas

Como consecuencia, resulta muy complejo estandarizar los sistemas experimentales necesarios
para realizar comparaciones entre los resultados obtenidos en diferentes estudios y llevados a

cabo por diferentes grupos de investigacién?%®.

A.6.2.1 Modelos de ensayo

La evaluacién de la toxicidad se puede realizar en dos tipos de ensayos, in vitro e in vivo.

En los estudios in vitro se investiga la toxicidad debida al efecto de los nanomateriales en
cultivos celulares (citotoxicidad). Estos experimentos son una herramienta muy util para la

nanotoxicologia porque permiten predeterminar la toxicidad potencial y posibles mecanismos,
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antes de administrar las nanoparticulas en un organismo vivo. Ademas, estos ensayos son mas
rapidos, menos costosos, permiten un mayor control y minimizan las cuestiones éticas ya que
no utilizan animales de laboratorio. Los cultivos celulares son sensibles a cambios en el medio
tales como fluctuaciones de temperatura, de pH y concentracién de nutrientes o desechos
aparte de la presencia del agente tdxico ensayado®*%%, Las lineas celulares mas empleadas son
células hepaticas (ya que las NPs tienden a acumularse en higado y bazo) y fibroblastos (por ser
el principal constituyente celular del tejido conectivo fibroso). Logicamente los efectos toxicos

observados dependen de la linea celular empleada®3®,

Las condiciones experimentales empleadas en estos ensayos suelen utilizar concentraciones de
QDs mucho mas elevadas y tiempos de exposicidn mas largos que los ensayos in vivo; a pesar
de ello, los ensayos in vitro son los preferidos para seleccionar las NPs mas adecuadas para

investigaciones posteriores con animales?3¢2%,

En los ensayos in vivo se emplean modelos animales para obtener una visién general mas
compleja de las interacciones bioldgicas en organismos vivos y constituyen el paso siguiente a
los ensayos in vitro para evaluar la toxicidad de las NPs. Los modelos animales mas estudiados
son el pez cebra (Danio rerio), el ratdn o la rata. Debido a la utilizacidn y sacrificio de los animales
es necesario tener en cuenta consideraciones éticas. Estos estudios permiten conocer los
efectos a largo plazo, la localizacién en los tejidos, la biodistribucion y la retenciéon/excrecion de
las nanoparticulas tras la exposicion. La toxicidad in vivo se puede estudiar para un érgano
concreto y el dafio generado puede depender de la forma de introducciéon de las nanoparticulas
o del tipo de érgano que se va a estudiar. En general, los QDs son internalizados en érganos que

acttian como defensa del organismo (p. e]. higado, bazo o ganglios linfaticos)?362%7,

La gran controversia en la comunidad investigadora sobre el empleo de NPs en organismos vivos
deriva de los primeros estudios de toxicidad de QDs in vitro®”*°, Como se ha apuntado
previamente, estos ensayos emplean condiciones y concentraciones de nanoparticulas muy
elevadas, y ademas la interaccidn célula-QD se produce en un cultivo celular concreto y en unas
condiciones determinadas. Sin embargo, es claro que la extrapolacién de estos resultados a
estudios in vivo no es correcta porque la interaccién de los QDs con las estructuras bioldgicas
estd en constante flujo y solo una fraccién de las NPs inyectadas interaccionara con las células
de interés. Es importante hacer notar que la toxicidad de los QDs empleando dosis fisiologicas

adecuadas en modelos animales no se ha documentado suficientemente hasta la fecha.
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A.6.2.2 Citotoxicidad inducida por quantum dots

Los QDs son realmente un grupo heterogéneo de materiales lo que dificulta alin mas establecer
pautas generales para evaluar su posible toxicidad. Su variabilidad incluye la composicion
qguimica del nucleo y posible recubrimiento, tamafio y forma, y su quimica superficial. El nicleo
de los quantum dots estd generalmente compuesto por metales tdxicos como el Cd, Te, Pby As,
esto eleva la preocupacion sobre su posible toxicidad. Ademas, hemos visto que la superficie de
los quantum dots se puede modificar para mejorar su solubilidad en medios acuosos y su
biocompatibilidad (su superficie puede tener moléculas bifuncionales, recubrirse con polimeros
anfifilicos y/o se pueden atrapar en el interior de micelas). Ademas, se pueden modificar con
ligandos con reconocimiento molecular como oligonucleétidos, péptidos o anticuerpos (que
permiten la unidn directa de los QDs al analito de interés o su localizacién especifica dentro de
la célula). Por tanto, es posible obtener un gran nimero de variedades de QDs con propiedades
fisico-quimicas muy diferentes. Esto condicionara la interaccidn de cada tipo de nanoparticula

con el medio bioldgico?3323,

La citotoxicidad se refiere a la toxicidad a nivel celular generada por la interaccién de los QDs
con la membrana celular o con los constituyentes intracelulares y orgadnulos®*. En la Figura 20
A se recoge un diagrama de los componentes de una célula eucariota y en la Figura 20 B una

ampliacidn de la membrana celular.
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Figura 20. A) Diagrama de los componentes de una célula eucariota con dimensiones. B) Ampliacion
de una membrana celular que incorpora diversas proteinas y una nanoparticula de 10 nm.

Respecto a los principales mecanismos de toxicidad, que pueden ser inducidos por los QDs, los

mas importantes se muestran esquematicamente en la Figura 21.
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MECANISMOS DE CITOTOXICIDAD
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Figura 21. Esquema que muestra los principales de citotoxicidad inducida por quantum dots.

Conocer el mecanismo de entrada de las nanoparticulas en la célula es crucial. Aunque existen
diferentes mecanismos para explicar la entrada de las nanoparticulas en la célula, la mayoria se
produce por endocitosis, un mecanismo simple y no especifico que depende no solo del tamafio
de los QDs sino también de su recubrimiento y carga superficial®**?*2, En este mecanismo los
guantum dots son secuestrados dentro de vesiculas, donde el pH del medio oscila entre 4.5
(lisosomas) y 6 (endosomas tempranos). Este pH tan acido favorece la degradacién de los
ligandos que recubren los quantum dots, que también pueden verse afectados por la accién de
enzimas presentes en el citosol celular. El resultado final es la degradacion intracelular de los
quantum dots que genera la liberaciéon de iones en el interior de la célula y la pérdida de
funcionalidad de la nanoparticula. Por ello, generalmente, la liberacion de metales pesados
toxicos (p. ej. Cd?*), se considera la causa principal de la toxicidad celular inducida por QDs?3%%%7,
Sin embargo, Mahto y col. han demostrado que la presencia de estos iones no es la Unica razén

243 Otros factores

que explica la toxicidad de quantum dots de CdSe/ZnS en fibroblastos celulares
importantes son la degradacion de los ligandos superficiales y la subsiguiente tendencia a la
agregacion, ambos factores relativos a la estabilidad de las nanoparticulas. Por ello hoy se tiende
a emplear los quantum dots recubiertos con una capa de otro semiconductor (QDs
nucleo/recubrimiento) o bien utilizar QDs cuya composicidn no incluya metales pesados tdxicos

(p. €]. ZnS 0 ZnSe).

La generacion de especies reactivas de oxigeno (ROS) es un fendmeno bastante comuin como
reaccion de las células a la presencia de especies foraneas, pero puede afectar muy
negativamente a las funciones celulares?!. Los ROS pueden producir dafios en las proteinas
celulares, lipidos y ADN. Las especies generadas pueden ser superdxido (O3), radicales hidroxilo
(OH") o perdxido (ROO*), perdxido de hidrégeno (H,0,) y oxigeno singlete (*O,). En general, los
cambios de concentracidon de ROS pequefios y transitorios son tolerados por la mayoria de las

células, en cambio, para niveles de estrés oxidativo altos y persistentes, el sistema de defensa
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antioxidante se encuentra saturado por el exceso de radicales libres que puede dar lugar a un
mal funcionamiento mitocondrial (incluso apoptosis celular). La generacidon de ROS depende de
la composicidn quimica de los quantum dots, pero los efectos tdxicos finales dependen de la

linea celular elegida?372%,

El tamafio de los quantum dots también es un factor importante a considerar desde el punto de
vista toxicoldgico (ver Figura 20 B) ya que determina su ruta de entrada en la célula y, en funcién
del volumen intracelular que ocupe, puede producir alteraciones en la morfologia celular o
afectar a la estructura del citoesqueleto?!. Hasta la fecha, apenas existen trabajos donde se
documente la deformacidn del citoesqueleto celular ni modificaciones de la morfologia de la

célula por efecto de los QDs.

Una vez que los quantum dots se hallan en el interior celular el delicado balance de la
homeostasis celular y las complejas rutas de sefializacién intracelular pueden verse alteradas.
Estas modificaciones pueden ocurrir por diferentes mecanismos como: efectos genotdxicos
causados por altos niveles de ROS (Figura 22a) o por la interaccién de los quantum dots con el
ADN (Figura 22f), alteraciones de la expresién de genes y proteinas debido a la presencia de NPs
en la regidn perinuclear (que afecta a la traduccién y transcripcion de proteinas) (Figura 22b) o
la presencia de metales tdxicos (Figura 22c), activacién de los receptores superficiales por
interferencia de los QDs (Figura 22d), o alteracion de la expresion de genes en respuesta al estrés
celular que inducen las NPs(Figura 22e)?3!. Mientras que los efectos causados por las NPs en la
expresion de genes y proteinas se han estudiado poco hasta la fecha, los dafios en el ADN
(consecuencia de los altos niveles de especies reactivas de oxigeno) han sido mas investigados.
Las alteraciones del ADN incluyen su fragmentacidn, dafios en la doble hebra, supresidn de sus
funciones, como replicacién y transcripcion??’. Si los QDs causan mutaciones sin alcanzarse la
muerte celular, sus efectos se pueden propagar a futuras generaciones de células y finalmente

generar una enfermedad?®°.

Ademas, debido a la elevada area superficial de los QDs, pueden interaccionar con moléculas
bioldgicas como las proteinas y los lipidos incluso antes de entrar en la nanoparticula (con los
componentes del medio celular de cultivo). Estas interacciones pueden generar nanoparticulas
con un comportamiento diferente al que mostrarian los quantum dots originales (en el caso de
las proteinas, se forman las proteinas corona®®); ademas, los QDs pueden inducir cambios
conformacionales en las proteinas existentes en la célula, por lo que dejarian de ser reconocidas

por la misma, y finalmente eliminadas alterando el normal el comportamiento celular?,
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Figura 22. Diferentes mecanismos por los que las NPs pueden inducir efectos genotdxicos o afectar
lar rutas de sefializacion intracelular®3:.

A.6.2.3 Ensayos para evaluar la citotoxicidad de QDs

En la actualidad, el primer paso para evaluar la toxicidad de un tipo de nanoparticula exige la
caracterizacién completa de la misma, antes de realizar los ensayos adecuados. Los principales

componentes de las nanoparticulas que se deben analizar para fines toxicoldgicos serian:
- Composicion elemental (ICP-MS)
- Tamafio del nucleo, formay dispersion (TEM/AFM)
- Diametro hidrodinamico (DLS)
- Carga superficial (Potencial Z)

Uno de los problemas relacionados con la toxicidad de los QDs esta relacionado con la expresion
de la concentracidon de los QDs. Ldgicamente, si se incrementa la concentracién de las
nanoparticulas, aumenta el riesgo de efecto téxico. Normalmente, la forma mas sencilla de
expresar la concentracidon de QDs o la dosis de nanoparticulas que se van a emplear en los
cultivos celulares se expresa en términos de concentracion como masa de nanomaterial por
volumen de disolucién (mg mL?). Sin embargo también existen otras formas de expresar la
concentracidn de NPs como mol, mg Kg'* o niimero de QDs por célula. El problema asociado a
la expresién en términos de masa es que no todas las nanoparticulas tienen la misma

composicidn de nucleo inorganico ni el mismo recubrimiento superficial?37-24,
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Esta problematica demuestra, una vez mas, la necesidad de estandarizar estrategias para la
caracterizaciéon de las nanoparticulas asi como los protocolos y ensayos empleados para

determinar su toxicidad, tanto in vitro como in vivo®3+%3°,

Internalizacion y localizacién de los QDs

La entrada de quantum dots en la célula debe ser evaluada y preferiblemente cuantificada ya
que la mayoria de los efectos citotéxicos dependen del nimero total de nanoparticulas
internalizadas y no de la dosis de NPs empleada en los cultivos celulares. Chang y col.?*®
demostraron que Unicamente la concentracion de QDs intracelular (y no la extracelular) se

correlaciona con la citotoxicidad.

La entrada y localizaciéon, que requiere el andlisis con resolucién espacial, se realiza
generalmente por diferentes técnicas microscopicas (TEM, microscopia laser confocal,

etC.)236’238.

El TEM permite discriminar los quantum dots localizados en el interior celular de los que se
encuentran en la superficie celular y ademas proporciona una visidn detallada de la interaccion
de las NPs con las estructuras celulares. Para llevar a cabo estos estudios es necesario fijar
previamente las células de forma adecuada. Posteriormente las células se embeben en una

resina que permite su corte en secciones que luego son analizadas por TEM?34238,

También es posible evaluar la localizacion de los QDs en células individuales mediante
Microscopia de Fluorescencia o Microscopia Laser Confocal utilizando las propiedades
luminiscentes inherentes de estas nanoparticulas®®. El microscopio ldser confocal permite
obtener secciones dpticas de alta resolucidén y contraste a distintas profundidades para una
misma célula sin tener que cortar fisicamente la muestra. Ademas, el uso adicional de otros
fluoréforos para marcar diferentes orgdnulos celulares permite obtener imagenes de las

diferentes partes de la célula.

La cuantificacién de los QDs y de los iones liberados en el interior de la célula se lleva a cabo por
técnicas elementales muy sensibles (p. ej. el ICP acoplado a diferentes detectores)?4?38, A veces
la agregacion de NPs recomienda realizar una digestion previa de las muestras que reduce los
efectos de matriz o la extraccidn asistida por ultrasonidos que permite eliminar los agregados
de nanoparticulas. Como alternativa al ICP, también es posible utilizar otras técnicas
elementales como la Espectroscopia de Absorcion Atdmica de llama o con horno de grafito. En
cualquier caso, las técnicas atdmicas no permiten diferenciar los iones liberados de los iones en
las nanoparticulas internalizadas de modo que se hace necesario su acoplamiento a técnicas de

separacion?3,
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Ensayos de citotoxicidad in vitro

Los ensayos de citotoxicidad se basan en el andlisis de las consecuencias producidas por agentes
téxicos en las funciones basicas de las células; por tanto, su toxicidad se puede evaluar por

medidas del dafio celular.

Existen diferentes clasificaciones de los métodos usados para evaluar la citotoxicidad in vitro.
Marquis y col. clasifican los ensayos mas comunes en dos categorias: la evaluacion de la

viabilidad celular (relacién células vivas/muertas) y el mecanismo de toxicidad?3®.

Los ensayos de viabilidad se organizan en ensayos de proliferacién y necrosis o apoptosis. El

principal mecanismo de toxicidad evalua el estrés oxidativo o el dafio del ADN.

Dentro de los ensayos de proliferacion, uno de los mas utilizados es el ensayo del MTT (bromuro
de 3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazolio). Este ensayo se emplea como un indicador de
alarma temprana de la existencia de dafio celular ya que evalla la actividad mitocondrial de la
célula. Se trata de un ensayo colorimétrico en el cual, Unicamente, las células sanas tienen
capacidad para reducir el reactivo MTT a formazan (generando un producto coloreado) debido
a la actividad metabdlica de la célula. Existen variaciones de este ensayo donde se emplean otros
reactivos pero en cualquier caso se trata de un ensayo rapido y que requiere la minima

manipulacién?3®,

La integridad de la membrana celular se puede ver comprometida por la presencia de agentes
citotdxicos luego es otro parametro de estudio comun. Los ensayos mas empleados para ello
son el ensayo de Trypan Blue y de Neutral Red. En el primer caso, el colorante Unicamente es
permeable a las células que tienen su membrana dafiada, por tanto, las células muertas se tifien
de azul mientras las vivas permanecen sin tefiir y la cantidad de células muertas se determina
por microscopia 6ptica. En el segundo caso, el colorante se acumula en los lisosomas dentro de
la célula y si la membrana celular se altera, la entrada de colorante no es posible por lo que
disminuye su contenido intracelular e incluso puede liberarse, lo que permite distinguir entre
células vivas y muertas. La cuantificacién de la citotoxicidad se realiza por medidas
espectrofotométricas. Otro ensayo utilizado para evaluar la necrosis celular consiste en
monitorizar la presencia en el medio de cultivo de sustancias que normalmente se encuentran
en el interior de la célula (sana), como por ejemplo, la monitorizacién de la enzima lactato

deshidrogenasa (LDH).

Las técnicas descritas de exclusion de un colorante (como consecuencia del dafio en la
membrana) solo son capaces de detectar la necrosis o apoptosis tardia. Por ello a menudo se

combinan con ensayos de deteccién de apoptosis lo cual permite obtener una visidn mas
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completa de la muerte celular. Las estrategias para evaluar el grado de apoptosis se basan en la
medida de diferentes pardmetros?®. Hay varios marcadores proteicos de apoptosis como Bax,
Bcl2, p53 y caspasas que son facilmente monitorizados mediante Western Blot. La apoptosis
también puede visualizarse estudiando la morfologia del nicleo, en concreto la condensacion
de cromosomas, empleando colorantes que tifien especificamente el nicleo como el DAPI y
Hoechst en combinacién con la microscopia de fluorescencia. Sin embargo, la técnica mas
general es la Citometria de Flujo en combinacidn con la medida del potencial de la membrana

mitocondrial o el ensayo de la Anexina V23,

Como se menciond anteriormente, no todos los dafios celulares producen defectos en la
membrana o en la funcién metabdlica de la célula. La presencia de nanoparticulas en las células
puede alterar el balance de especies oxidativas, que se pueden evaluar mediante la medida de
los niveles de glutatién (GSH), potente sistema antioxidante celular. Ademds, la alta
concentraciéon de estas especies también genera otros eventos intracelulares como la

peroxidacidn de lipidos y que puede ser monitorizada?®.

|II

Los dafios generados en el ADN (genotoxicidad) se estudian generalmente con el “ensayo del
Cometa”, un método rapido, sensible y simple para detectar los dafios en el ADN a nivel de
células individuales. Tras embeber las células en un gel de agarosa, éstas se lisan y a
continuacioén, se desnaturaliza el ADN y se marca con bromuro de etidio (para la cuantificacion
por fluorescencia). La cantidad de ADN dafado se indica por la cantidad de cola o fragmentos

de ADN que se generan, tras la separacion por electroforesis de dichos fragmentos?3,

Alteraciones de la morfologia celular

La visualizacion de cambios (microscopia) en la morfologia de la célula se puede considerar un
factor relevante para observar los cambios de las células tras la exposicién a agentes citotéxicos.
Las técnicas de microscopia electrénica SEM o TEM son muy Utiles, pero también el microscopio
6ptico de Contraste de Fase que permite examinar células vivas en su estado natural sin

necesidad de etapas previas de fijaciéon o deshidratacion?%,
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Abstract Optical labelling reagents (dyes and fluorophores)
are an essential component of probe-based biomolecule
detection, an approach widely employed in a variety of areas
including environmental analysis, disease diagnostics, phar-
maceutical screening, and proteomic and genomic studies.
Recently, functional nanomaterials, as a new generation of
high-value optical labels, have been applied to molecular
detection. The great potential of such recent optical labels has
paved the way for the development of new biomolecule assays
with unprecedented analytical performance characteristics,
related to sensitivity, multiplexing capability, sample through-
put, cost-effectiveness and ease of use. This review aims to
provide an overview of recent advances using different
nanoparticles (such as quantum dots, rare earth doped nano-
particles or gold nanoparticles) for analytical genomics and
proteomics, with particular emphasis on the outlook for
different strategies of using nanoparticles for bioimaging and
quantitative bioanalytical applications, as well as possibilities
and limitations of nanoparticles in such a growing field.
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Introduction

Bioanalysis for proteomics and genomics often requires
labelling of biochemical compounds for detection. Mass
spectrometry techniques offer a label-free and powerful
method of detection and are increasingly used in the field.
However, they are expensive and cannot be easily applied
to fast screening tests or in vivo studies. Alternatively, most
other widely used bioanalytical techniques, including
detection of isotopes, enzyme-linked chromophore/fluoro-
phores, chemiluminescence and bioluminescence, are meth-
ods that could require appropriate analyte labelling. Among
them, fluorescent labels play a key role in today’s
proteomic and genomic studies.

The actual success of fluorescence spectrometry for
protein and gene detection today derives from several well-
established advantages, including [1]:

(a) Fast signal acquisition: each individual fluorescent
label can potentially provide 107-108 photons per
second for detection.

(b)

(©)

Multicolour dyes can be used for multiplexed assays.
High sensitivity of the detection (today many applica-
tions of fluorescence are even focusing on single
molecule detection).

The luminescent signal is localized (unlike using some
enzyme-linked amplification schemes).

The labelling process can be straightforward provided
that appropriate functional groups are available on the
target analyte.

(d)
(©

Of course, there are also some important limitations of
fluorescence detection in bioanalytics, most of them arising
from the organic fluorescent labelling reagents commonly
used. Apart from possible difficulties with the labelling
reaction, many of the used fluorophor reagents suffer from

@ Springer
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photobleaching problems, pH sensitivity, reduced quantum
yields or short excited luminescence lifetimes [1].

The recent emergence of synthesis strategies for mass
fabrication of nanosized luminescent agents may lead to
some of those limitations being overcome, paving the way
for the development of more powerful bioanalytical tools. It
appears that nanoparticles (NPs) with a variety of shapes,
sizes and compositions (such as fluorescent quantum dots
and gold nanoparticles) are poised to fundamentally change
the bioanalytical fluorescence measurement landscape. The
use of NPs could overcome many of the significant
chemical and spectral limitations of classical molecular
dye fluorophores. Equally important, methods for prepara-
tion and handling of nanoparticle-biomolecule conjugates
are proliferating and such bioconjugation-ready NPs are
becoming commercially available. Moreover, NPs are now
being developed for absorbance and emission in the near-
infrared (NIR) region—a development which is expected to
allow for real-time and deep tissue imaging via optical
routes.

The focus of this review is to highlight advances in the
use of nanoparticles for bioanalytical applications, particu-
larly in the field of proteomic and genomic studies.
Nanoparticles can be used in a wide variety of bioanalytical
formats. We will discuss here NPs as optical labels for
optical imaging applications, and also their use in the
development of bioassays and biosensors of quantitative
nature.

The first part of the review focuses on the use of
nanoparticles for optical imaging of proteins and genes.
Bioimaging always requires an appropriate contrast agent in
the target site. This is nowadays often achieved efficiently
by using engineered nanoparticles as contrast agents [2].
First, the use of nanoparticles entails accessing target
molecules (e.g. proteins or genes) hidden behind tissue
barriers, through conjugation of specific targeting groups
on their surface. Moreover, for imaging applications with
low sensitivity, the highly valuable optoelectronic proper-
ties typical of nanoparticles could provide important signal
amplification, resulting in higher detection sensitivities.
Some representative imaging applications that have been
successfully demonstrated by using different nanomaterials
(including semiconductor nanocrystals, gold nanoparticles,
up-converting nanocrystals or carbon nanoparticles) will be
reviewed here.

On the other hand, over the last decade, research efforts
to improve the performance of biochemical sensors and
bioassays by incorporating different kinds of nanostructures
as labels have gained considerable momentum [3]. There-
fore, in the second part of this review we summarize the
latest developments in the use of nanoparticles as labels,
especially in the development of bioaffinity sensors for the
detection of nucleic acids and proteins. Inorganic nano-

@ Springer

particle labels based on noble metals and semiconductor
quantum dots, combined into highly selective recognition
elements (e.g. antibodies or more recently aptamers) appear
to be the most versatile systems for these bioanalytical
applications.

For development of such applications different analytical
instrumental techniques have been employed. Particularly,
UV-Vis absorption spectroscopy and surface plasmon
resonance were mainly employed when using gold nano-
particles as labels. However, most of the applications
described rely on luminescence spectroscopy. Particularly,
as will be described below, different photoluminescent
techniques have been widely employed in such develop-
ments, including conventional fluorescence spectroscopy
(very often fluorescence resonance energy transfer mecha-
nisms are employed), fluorescence correlation spectroscopy
(based on the analysis of fluctuations on the fluorescence
intensity), time-resolved fluorescence spectroscopy (based
on the measurement of fluorescence lifetimes), steady-state
fluorescence (based on the measurement of the long-term
average fluorescence of a sample when irradiated with UV,
visible or NIR light), NIR fluorescence (highly valuable for
in vivo applications, owing to the low backgrounds from
the tissues at such wavelengths) or fluorescence microscopy
(mainly used in imaging applications).

Optical imaging of proteins and genes
with nanoparticles

Imaging of biological specimens, both in vitro and in vivo,
has long relied on optical microscopy (e.g. fluorescence
imaging) and is currently attracting increasing attention as a
powerful bioanalytical tool for proteomic and genomic
studies as technological advances provide enhanced capa-
bilities. Biochemical imaging research has leveraged the
benefits of significant advances in electronics, information
technology and, more recently, nanotechnology. Substantial
progress in the ability to fabricate high-quality NPs and the
discovery and understanding of their outstanding and size-
dependent physical and chemical features have stimulated
their use in imaging. Particularly, introduction of multi-
functional nanoparticles could overcome some of the
limitations of more conventional contrast agents (organic
dyes) and could constitute a significant thrust in new
developments of bioimaging methodologies [2].
Nanoparticles should fulfil some basic requirements in
order to be used as labels in imaging applications. NPs are
desired to be highly bright, photostable and exhibit
excitation and emission without interference from the
biological matrix; in addition, NPs have to be soluble in
biological buffers, biocompatible and non-cytotoxic. Of
course, bioconjugation of NPs to recognition reagents (e.g.
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antibodies) has to be possible and effective for them to then
be used advantageously for fluorescent labelling of the
bioanalytes [4]. Of course, all these conditions are not met
yet and the pursuit of such NPs in research laboratories is
still a challenging task.

Imaging reagents can be divided into endogenous and
exogenous agents. Endogenous agents typically use an
enzyme-mediated process inside the body to generate
measurable visible light when a given substrate is degraded.
The most commonly employed reporter systems are the
fluorescent proteins, such as the green fluorescent protein
and the luciferin/luciferase bioluminescent system. A
drawback of such photoluminescent proteins is that
typically they exhibit relatively low emission wavelengths
(in the region of 500 nm) often overlapping with the
autofluorescence of many tissues (high backgrounds).

Alternatively, exogenous imaging agents, by far the most
familiar contrast agents to today’s researchers and scien-
tists, range from simple colorimetric contrast dyes to
sensitive fluorescent probes and beyond. Nanoparticle-
based exogenous optical contrast agents such as quantum
dots (QDs), gold nanoparticles (AuNPs), organically mod-
ified dye-doped silica, up-converting phosphors and
lanthanide-based contrast agents are recent additions to
the list of exogenous contrast agents which combine a
number of desired features such as resistance to photo-
bleaching, high quantum yield and absorbance, emission in
the NIR window or adequate dispersibility in the biological
environment. Thus, main advantages and some selected
applications for genomics and proteomics imaging of gold
nanoparticles, quantum dots, rare earth doped NPs, up-
converting nanocrystals and carbon dots are critically
discussed below.

Gold nanoparticles

Although nanosized metals like gold and silver are not still
commonly used in fluorescence methodologies, they can
provide colorimetric contrast induced by surface plasmon
resonance (SPR), whose magnitude is a function of the size,
shape and dielectric constant of the medium. Actually, a
large number of rather simple colorimetric methods using
gold nanoparticles (AuNPs) have been reported.

In fact, AuNPs are now finding increased applications in
bioimaging [5], as changes in their optical properties are
exploited for applications in hybridization assays, DNA
sequencing [6] or detection of genetic disorders [7], among
others. Actually, it is possible to use specific organic
moieties to fabricate and design nanoparticle aggregates
whose spectra are sensitive to particle rearrangements.
Typically, stable gold colloids of around 15-nm size with
small particle diameters and no aggregation appear red in
colloidal solution, and a change of the solution to blue or

violet will indicate aggregation of AuNPs. Based on such
an effect, measurements of changes in the optical properties
of AuNPs have been proposed for DNA hybridization
detection based on a specific DNA target used as linking
molecule to aggregate AuNPs containing complementary
probe sequences [8]. This measurement allows detection of
genetic disorders as well [7].

AuNPs bioconjugates have been applied to polynucleo-
tide detection, using mercaptoalkyl oligonucleotide-
modified AuNPs, by exploiting the change in optical
properties resulting from plasmon—plasmon interactions
between locally adjacent gold nanoparticles [9]. Gold
nanoshells have also been fabricated for NIR resonance,
and antibodies against target antigens were conjugated to
the nanoshell surfaces [10]. When introduced into samples
containing the appropriate antigen, the antibody—antigen
linkage caused the gold nanoshells to aggregate, shifting
the resonant wavelength further into the IR region.

AuNPs have also been used as luminescent agents for
fluorescence imaging of proteins. In 2005, gold nanorods
were evaluated as two-photon luminescence (TPL) imaging
agents. 3D in vivo imaging of single nanorods in mouse ear
blood vessels was carried out, observing a TPL around 60
times brighter than that obtained when using the common
imaging reagent rhodamine, thereby proving the great
potential of these agents for biological imaging [11].

More recently, Ren and co-workers investigated the
fluorescent properties of AuNPs for cancer cell imaging
[12]. For this purpose, they employed AuNPs with
diameters between 16 and 55 nm, which emitted a stable
fluorescence emission centred at 610 nm, for imaging of
human epithelial cervical cancer cells (HeLa cells). After
labelling the HeLa cells with AuNPs, they were illuminated
with an intense light source, giving rise to a photobleaching
effect of the cellular autofluorescence, but allowing
detection of the stable fluorescence emitted by the AuNPs
attached to the cell membrane or inside the cells.

In this vein, Chen and co-workers recently reported the
use of gold nanocubes with high quantum yield for imaging
cell lines of human liver cancer and human embryo kidney
[13]. They observed much higher quantum yield with gold
nanocubes than with gold nanorods (about 200 times
higher). Of course, these high quantum yield NPs are a
leap forward in the search for useful fluorescent AuNPs.

In any case, colloidal AuNPs show much weaker
fluorescence than that observed with alternative nano-
particles, but they exhibit some added features that make
them attractive for bioimaging applications. For instance,
they do not suffer from any photodecomposition and
largely retain their optical properties (however, their
emission may vary depending upon the surrounding
medium), they are apparently not toxic (in sharp contrast
to other more fluorescent nanoparticles) and they have good
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colloidal stability. Moreover, the ability to shift their optical
properties, in a controlled fashion, to the spectral region
best suited for optical bioimaging applications could open
the way to numerous applications in the field [2]. The
weakest point, however, is still AuNPs’ comparatively low
emission quantum yields which should be enhanced [14].

Quantum dots

Quantum dots (QDs) are nearly spherical, luminescent
nanosized crystals made of semiconductor materials of the
order of 2- to 10-nm diameter, with size-dependent optical
properties [15]. A decrease in the crystal size causes an
increase in energy shift between the absorbing and the
emitting state. High quantum yields, narrow size-tunable
emission and high resistance to photobleaching or to
chemical degradation so far make QDs the preferred
fluorescent probes for imaging applications. These nano-
crystals have unparalleled sensitivity and spatial resolution,
as compared to the organic fluorophores currently used
[15]. Also, QDs with an organic capping perform even
better. Such QDs typically have a nanocrystal core with an
inorganic capping and an outer organic group to help
further conjugations or functionalization. For instance, a
ZnS-capped CdS QD is 20 times brighter than rhodamine
and at the same time 100 times more stable to photo-
bleaching [16]. Moreover, QDs of different sizes can be
excited at a single wavelength and emit at multiple
wavelengths, allowing their application in multiplexed
assays [17].

Owing to all these exceptional optoelectronic character-
istics, the use of QDs as luminescence probes in bioimaging
has increased significantly since the first examples from
Alivisatos [15] and Nie’s [16] groups. The strategies
proposed in such pioneering developments solved the
problem of water-solubilization and biocompatibility of
QDs, opening new avenues for their application in
bioimaging. During recent years QDs have been used as
fluorescent imaging labels for the study of live cell single-
molecule dynamics, monitoring of intracellular protein—
protein interactions, disease detection in deeper tissues,
detection of tumour cells based on selective binding of
bioconjugated QDs to known cancer biomarkers, and much
more [18]. Fluorescent QDs have been widely applied to in
vitro cellular imaging, biomolecular tracking in cells and
tissue staining [19]. As an example, QDs linked to IgG and
streptavidin were used to label different types of targets
(breast cancer marker Her2, actin, microtubule fibres or
nuclear antigens) at different locations (surface, intracellular
or inside the nucleus) [20]. Recent fluorescent imaging
research makes use of different types of biomolecules, such
as peptides, antibodies or aptamers conjugated to the QDs,
allowing the selective detection of different tumour bio-
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markers, actin filaments, specific cells, etc. Many examples
are reviewed in recent articles [19]. Quantum dots were also
demonstrated to be very important for optical imaging in
the NIR spectral region and, actually, some important
bioanalytical applications have been developed [21]. The
practical application of QDs in biomedical imaging can be
widened by the synthesis of novel NIR QDs [21].

In parallel, great effort has been made to obtain a facile
method for robust and efficient cellular delivery of QDs for
in vivo imaging. In particular, many studies have focused
on achieving appropriate delivery of the nanoparticles to
the cytosol of cells (this has been found to be more
complex than extracellular targeting) as different factors
could affect the uptake of the QDs into cells. Different
intracellular labelling approaches have been evaluated,
including passive uptake, receptor-mediated and non-
specific endocytosis, liposome-mediated intracellular deliv-
ery, electroporation or micro-injection [22]. However, as
QD material or surface ligand chemistry was found to be
determinant for the final uptake of the nanoparticles, more
work needs to be done in this direction in order to avoid
QD aggregation or deposition in endosomes or lysosomes
[23].

Nowadays, QDs are widely employed for in vivo
imaging of the vascular networks of mammals such as
lymphatic and cardiovascular systems (see Fig. 1) [24].
Owing to their suitable particle size, and the NIR bright
emission, QDs posses some important advantages, such as
fast movement through the lymphatic network allowing a
highly sensitive real-time observation [25].

It is worth mentioning that QDs have a promising future
in cancer diagnosis and therapy [26]. Cancer cells possess
surface receptors that can be employed as targets which can
be recognized by specific antibodies, peptides or proteins
conjugated to QDs. Examples of those receptors are Her2
(human epidermal growth factor receptor 2), ER (estrogen
receptor), EGFR (epithelial growth factor receptor) and
mTOR (mammalian target of rapamycin). In this sense, the
first in vivo application of QDs for cancer imaging was
carried out in 2002 by Akerman and co-workers by
conjugating QDs to three different peptides with affinity
for tumour cells, which allowed their guidance to tumour
vasculatures in mice [27].

Research in this field continues to grow [28] and more
recent applications of QDs to in vivo fluorescent imaging
of proteins for cancer diagnosis include early detection of
primary tumours such as prostate [29], pancreatic [30] or
liver cancer [31].

Considering that QDs of different sizes can be excited at
a single wavelength but emit luminescence at multiple
wavelengths, such nanoparticles are specially suited for
multiplexed imaging. To this end, Nie and co-workers very
recently performed a multiplexed immunohistological
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Fig. 1 a Schematic representation of different carboxyl QDs
employed in fluorescence imaging of a mouse. b Five QDs were
injected intracutaneously in primary draining lymph nodes and were
simultaneously visualized as different colours through the skin in the
in vivo image. ¢ Ex vivo fluorescence image of lymph nodes after
surgical resection. (Reprinted with permission from REFERENCE
[24]. Copyright 2007 American Chemical Society)

staining in order to carry out a molecular mapping of
tumour heterogeneity on human prostate cancer [32]. For
this purpose, four protein biomarkers (E-cadherin, high
molecular weight cytokeratin, p63, and «-methylacyl CoA
racemase) were conjugated to four QDs of different
emission wavelengths, thus targeting diverse tumour areas
with different colours when they were excited simulta-
neously. Tumour heterogeneity was observed at the
molecular, cellular and architectural levels, allowing direct
visualization of their structural transitions—an achievement
not possible with traditional organic dyes.

Within a few years QDs have gained recognition as very
versatile nanomaterials for fluorescence imaging in vitro
and in vivo, and particularly for multiplexing studies. They
are available in a large variety of surface chemistries and
there are today many conjugation strategies for derivatiza-
tion with virtually any biologically active molecule. QDs
will be the probe of choice for long-term, high sensitivity

and multicontrast imaging of molecular dynamics in
biological samples. However, there are still a number of
issues pending that warrant attention before QDs’ full
potential in this field can be realized. After nanoparticle
surface coating (to improve its dispersion in water and
bioconjugation) the observed dimensions of a QD are close
to those of large proteins (10-25 nm) and this may limit
access of the fluorescent labels to the biomolecules in cells
for in vivo imaging. Another negative photophysical aspect
of these nanoparticles which limits their use in bioimaging
applications, is the phenomena of fluorescence intermitten-
cy (blinking), typically affecting QDs [33]. Moreover,
nowadays there is a great controversy about the toxicity
linked to such particles. In fact, the widespread replacement
of organic fluorophores with QDs in bioimaging is hindered
by the inherent chemical cytotoxicity expected from the
individual ions (such as Cd**, Se*" and Te®") that the QDs
are composed of. Novel materials are being investigated for
QDs preparation with the aim of avoiding many of these
limitations, and much more work should be carried out in
this direction.

Rare earth doped particles and carbon dots

Conventional fluorescence imaging is based on single-
photon excitation, in which a high energy source is
employed. However, the possibility exists of taking
advantage of alternative “up-conversion fluorescence”
imaging mode. This is based on the conversion of two or
more low energy excitation photons (from the infrared
spectral region) to higher energy emission photons (in the
Vis spectral region), also known as anti-Stokes emission. In
this mode, some weaknesses found in conventional fluo-
rescence imaging (like tissue autofluorescence, short tissue
penetration depth, DNA damage or cell death upon long-
term exposures to high energy radiation) are minimized as
infrared excitation is employed [34].

Again, present nanotechnology advances are playing a
critical role in the progress of up-conversion fluorescence
imaging. Recent advances in the synthesis of up-
converting nanocrystals (UCNs) could be used in the
development of higher sensitivity imaging techniques for
biochemical applications. Nanosized up-converting par-
ticles typically consist of a LaF;, YF3, Y,0;, LaPO, or
NaYF, host lattice which is doped with trivalent rare earth
ions, such as Yb>", Er** and Tm®" [35]. These nano-
crystals are excited in the IR or NIR region and emit in the
Vis—NIR. Importantly, because the autofluorescence is
minimal in such spectral regions, the observed background
signal is much lower with such materials. Moreover, up-
converting nanomaterials show excellent photostability,
low toxicity and the emission wavelength can be altered
by changing the doping metals within UCNs. These
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properties make them a promising non-toxic alternative
for clinical imaging applications [36].

UCNSs have been recently evaluated for optical imaging
of blood vessels [37] or lymphatic nodes in mice [36] and
they have been used as carriers of porphyrin for photody-
namic therapy [38]. One of the most relevant applications
described so far was developed by Chatterjee and co-
workers [34] who demonstrated the great potential of
UCNSs, when compared to green-emitting QDs, for imaging
of deep tissues in rats, which might be a prelude to the use
of UCNs in bigger animals [34]. Another recent example is
the use NaYF,-type UCNs modified with carboxylic groups
and conjugated to streptavidin in the development of a
fluorescence (or Forster) resonance energy transfer (FRET)-
based nanoprobe for DNA imaging by attachment of a
biotinylated oligonucleotide [39].

Another promising type of new-generation nanoparticles
for optical imaging are carbon dots. As mentioned before,
the high content of toxic metals in typical semiconductor
QDs has prompted health and environmental concerns. This
might represent a serious limitation for their in vivo, and
even in vitro, applications. Thus, research on the use of
alternative low-toxicity nanomaterials is an important and
urgent requirement [40].

For this purpose, nanosized pure carbon particles, known
as carbon dots (C-dots), constitute one of the new-
generation nanomaterials showing a bright and colourful
photoluminescence when their surface is passivated with
organic molecules via covalent linkage or chemical adsorp-
tion, such as polyethylene glycol (PEG) derivatives or poly
(propionylethyleneimine-co-ethyleneimine (PPEI-EI) [41].
Even though these nanoparticles exhibit luminescence with
lower quantum yields than those of QDs, advantages in
terms of biocompatibility and toxicity have been reported in
cell lines and mice, and their applicability for both in vitro
and in vivo imaging applications has been already
demonstrated [42, 43].

C-dots have also been used for in vivo biosensing
applications based on NIR fluorescence. Excitation of the
nanoparticles with a pulsed laser in the NIR (800 nm)
afforded low backgrounds and minimized the light scatter-
ing. For example, two-photon luminescence microscopy
has been successfully used for imaging of human breast
cancer cells with internalized carbon dots [43].

Further improved emissions and applications of this new
type of novel nanoparticles for biochemical imaging are
expected in the near future. However, we have to take into
account that synthesis protocols and characterization tools
of carbon dots are not well established yet (they are a new
type of emerging and novel nanomaterials). Therefore, they
have several shortcomings, mainly related to the low
reproducibility. For instance, some studies showed a limited
homogeneity of the C-dots in terms of fluorescence
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brightness at the individual dot level [43]. Further improve-
ments in the synthesis and characterization procedures of
such nanoparticles are still required.

Nanoparticles as quantitation labels in biochemical
sensors and assays

In the past few years, nanoparticles have also actively
entered the field of analytical biosensors, by using them as
transducers of hybridization phenomena. In fact, the
exciting properties of NPs have been exploited to develop
new biosensing and bioassay approaches; here we will
highlight their use in the proteomics and genomics fields.

Although the use of NPs for bioimaging does not
necessarily imply quantitative analytical measurements (i.
e. DNA or protein determinations), biosensing requires
quantitative approaches. For such quantitative biochemical
applications, nanoparticles are conjugated with biospecific
recognition molecules such as antibodies, DNA probe
molecules, biotin and streptavidin, or enzymes. Upon
binding with biotarget molecules, the binding event can
be detected via individual nanoparticles or nanoparticle
clusters by monitoring changes in some of the unique
optical properties of the nanoparticles.

Thus, this section of the review illustrates a selection of
developed strategies and applications of nanoparticles in the
quantitative bioanalytical field, with relevance to sensors
and assays.

Nanoparticle-mediated fluorescence resonance energy
transfer

Fluorescence (or Forster) resonance energy transfer (FRET)
is a spectroscopic process by which a donor molecule
nonradiatively transfers energy over a long distance (1—
10 nm) to an acceptor molecule. Because the efficiency of
this process is highly sensitive to the distance between the
donor—acceptor pair, FRET is an effective tool for investi-
gating a variety of biological phenomena involving changes
in molecular proximity or conformation. FRET has been
used in a wide variety of applications, ranging from
measuring static and dynamic conformational changes in
proteins to biosensing or to binding studies.

Several factors complicate the analysis of FRET signals,
including photobleaching, spectral crosstalk and direct
acceptor excitation; however, these complications could be
overcome by exploiting the aforementioned optical proper-
ties of nanoparticles. In fact, many of the bioanalysis
methodologies reported so far are based on the use of
nanoparticles involved in FRET mechanisms to provide
versatile biosensing platforms to probe a variety of
biological processes. Many FRET-based bioassays for
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protein quantification have been already developed based
on the use of gold nanoparticles and quantum dots.

Gold nanoparticles

The high molar extinction coefficient of gold nanoparticles
(AuNPs) makes them excellent fluorescent acceptor materi-
als for the development of FRET-based biosensors [44]. As
an example, AuNPs were employed as acceptor species in
the development of a biosensor for thrombin [45] and
several biosensing strategies were evaluated. In a first
approach, a thrombin aptamer was immobilized on the
surface of the AuNPs and a complementary dye-labelled
single-strand DNA (ssDNA) was then hybridized with the
AuNP-aptamer so the fluorescence of the dye (donor) was
quenched by gold nanoparticles. After thrombin addition,
the binding between thrombin and aptamer causes dissoci-
ation from ssDNA and, thus, the dye fluorescence subse-
quently recovered. In a second approach, a dye-labelled
thrombin aptamer was hybridized with AuNP modified
with ssDNA. The binding of thrombin released the labelled
thrombin aptamer and the fluorescence from the dye was
detected. The second approach involves more laborious
procedures, but results were more homogeneous and the
recognition exhibited better detection limit than the first
approach. Finally, a dye-labelled thrombin aptamer was
adsorbed on AuNPs and, consequently, its fluorescence was
quenched. With the addition of thrombin, the binding
between thrombin and aptamer induced a conformational
change in the aptamer causing the release of the aptamer
and subsequent fluorescence recovery. This latter approach
was more simple, fast and convenient, but results were
highly inhomogeneous and the detection limit was worse
than in the previous strategies [45].

Alternatively, gold nanoparticles were also employed as
fluorescent donors in the development of a FRET-based
bioassay. In this approach, AuNP bioconjugated with a
platelet-derived growth factor (PDGF) aptamer (Apt-AuNP)
acts as a quencher, while fluorescent gold nanodots
(AuNDs) modified with PDGF emit photoluminescence.
As a result of the high affinity between aptamer and target,
when AuND-PDGF and AuNP-aptamer are in the same
solution the photoluminescence of AuNDs decreases due to
a quenching process occurring between Apt-AuNP and
PDGF-AuNDs. This method was applied to the detection of
PDGF in urine samples from healthy persons [46].

Quantum dots

One of the most frequently employed strategies involving
QDs as fluorescent labels is their use as energy donor
molecules in FRET [47]. QDs exhibit several properties
that can benefit their use as donors: their large surface area

enables the binding of several proximal acceptors (proteins,
peptides or oligonucleotides) to one NP, providing a highly
efficient spectral overlap. Another key feature is the
possibility to control their emission by changing the core
size, which facilitates the spectral overlap between donor
and acceptor. Therefore, theoretically we will always be
capable of selecting an adequate QD that matches the
acceptor dye, just by controlling the QDs size and material.
The QDs’ large Stokes shift and their wide absorption
spectra also reduce direct excitation of the acceptor. Hence,
all these advantageous properties offer the possibility to
achieve “multiplex” energy transfer configurations, making
use of just one excitation source.

In fact, QDs have been used in different FRET-based
assays for protein and gene detection. For this purpose, a
FRET-based bioassay was developed by using QDs
functionalized with appropriate proteins to recognize
and bind a similar target. In this assay, the bioconjugate
captures the dye-labelled analogue, leading to loss of
emission fluorescence when the FRET process takes
place. The presence of the target molecule competes for
its labelled analogue, and binds to the receptor protein.
Thus, the acceptor is displaced from the QD surface,
giving rise to a progressive enhancement of the fluores-
cent signal. Making use of this methodology, one can
obtain information about the kinetics or the dissociation
constant. This scheme was first employed by Mauro and
co-workers for the development of a maltose biosensor
[48]. Maltose binding protein (MBP) was attached to the
QD surface via metallic affinity interaction. The QDs were
previously modified with beta-cyclodextrin (3-CD) and
the quencher QSY9, providing an efficient fluorescent
quenching. The addition of maltose competes for binding
sites in MBP, displacing the 3-CD-QSY?9, and an increase
in fluorescence intensity was recorded. Figure 2 summa-
rises different approaches to the use of QDs in FRET
bioassays.

Very recently, a novel platform for effective sensing of
biomolecules was designed by measuring the FRET
efficiency from QDs modified with a molecular beacon
(MB) to graphene oxide (GO). After GO was added to the
QD-MB bioconjugate a strong quenching effect was
detected due to an energy transfer from the QD to
the GO. In the presence of the target DNA a change in
the FRET efficiency occurs, providing the basis of the
biomolecule (e.g. thrombin) biosensing [49].

QDs, as donor agents, have been employed to develop
FRET-based biosensors to determine many other proteins
such as thrombin, caspase, collagenase and chymotrypsin
[50]. Moreover, through immobilization of different fluo-
rescent acceptors on different sized QDs, multiplexed
detection of biological enzymes, such as protease, poly-
merase and nuclease, can be achieved [51].
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The use of QDs as energy acceptors in FRET-based
methodologies is not so common. In those approaches, the
donor used has to emit luminescence at a wavelength
shorter than that of the QD (to allow the FRET process to
occur). As a most recent example Geissler et al. developed
a time-resolved fluoroimmunoassay format based on a
FRET process from visible-emitting lanthanide complexes
of europium and terbium streptavidin labelled (as energy
donors) to semiconductor CdSe/ZnS biotin coated nano-
crystals (as energy acceptors). This strategy allowed the
determination of five biomarkers in a highly sensitive
multiplexed assay [52].

QD-FRET has also been incorporated into nanosensors for
genetic analysis. Zhang et al. developed a DNA nanosensor
comprising a QD and a pair of sequence-specific probes for
detection of nucleic acid targets. A biotinylated capture probe
and a Cy5-labelled reporter probe cohybridize to target DNA
to form a sandwich structure that can be captured by a
streptavidin-conjugated QD. The QD functions both as a
FRET donor and as a scaffold that increases local target
concentration for signal amplification. This QD-FRET nano-
sensor has an extremely low level of fluorescence background
and produces a very distinct FRET signal upon binding to
even a small amount of DNA targets [53].

Immunoreaction-based nanoparticle assays

Immunoassays, based on the highly selective interaction
and binding of antibodies to antigens, can be monitored by
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measuring the analytical signal provided by a label,
attached either to the antigen or to the antibody. Although
new techniques for direct and specific monitoring of such
antibody and antigen interaction have become available in
recent years (e.g. surface plasmon resonance and related
techniques), the most common quantitative assays rely on
indirect approaches based on chemical labelling strategies
[54].

Different types of nanoparticles have attracted increasing
interest for bioanalytical labelling applications in recent
years. Actually, nanoparticles with anchor groups for
linkage to biomolecules are today commercially available,
enabling simple linkage to peptides/proteins via functional
groups (e.g. -COOH, —NH,) attached to the surface of the
nanoparticles. The driving force behind the use of nano-
particles as tags in biological assays is to eliminate the need
for either organic fluorophores or radioactive labelling, both
of which have shortcomings. In fact, many labelling
experiments already described using nanoparticles would
not have been possible with organic dyes (e.g. multicolour
labelling with a minimal set of filters, long-term monitoring
of dynamic processes).

Semiconductor quantum dots are often used in the
development of improved immunoassays and immunosen-
sors. QDs have been employed as luminescent labels in the
development of a high number of immunoassays to study
biorecognition events and for quantification of different
biochemical species such as proteins or nucleic acids [4]. In
this vein, a recent assay evaluated the use of nanohybrids to
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build agglomerates in the presence of a specific antigen,
which were more than one order of magnitude larger than
their individual components. The final agglomerate size
depends on several factors such as relative concentrations
of conjugates and antigen molecules, and it can be
characterized by flow cytometry. This methodology
allowed the detection of agiopoietin-2 and mouse IgG at
the sub-picomolar level. The main advantage of this
approach is that it enables simultaneous detection of
multiple antigenic biomarkers in physiological media,
which can be especially useful in early detection (alarm
sensors) or screening of tumours and other diseases [55].

As many biotinylated antibodies are now commercially
available, one of the most employed strategies to attach the
NPs to biomolecules is the avidin-biotin interaction. This
approach was employed by Goldman et al. in the first QD-
based simultaneous multianalyte assay, in which avidin—
QDs were used as fluorescent labels [56]. After this first
attempt, other similar immunoassays for the detection of
foodborne pathogenic bacteria, Escherichia coli and Sal-
monella, were developed. QDs with different emission
wavelengths were conjugated to anti-E. coli and anti-
Salmonella antibodies. Target bacteria were separated from
the sample by using magnetic beads coated with specific
antibodies. These beads then reacted with QD-antibody
conjugates to form bead—QD complexes, and fluorescent
emission from the QDs was used for the determination of E.
coli and Salmonella cells [57].

Several limitations of QDs have been described which
hinder their applicability in the development of immuno-
assays, particularly limitations due to the big size of the
QD-antibody bioconjugates and the lack of specific sites in
the antibodies after binding the QD [58].

Alternatively, for colorimetric immunosensing assays,
the use of gold nanoparticles as labels is exceptionally
attractive. When using AuNPs as labels, the basis of the
immunoreactions detection is the colour change due to the
interparticle plasmon coupling during AuNPs aggregation
(red to purple/blue) or during redispersion of AuNP
aggregates (purple to red). In addition to the advantageous
properties of such nanoparticles already described, the high
extinction coefficient of AuNPs allows the development of
highly sensitive immunosensors. In fact, different examples
of the application of AuNPs in immunosensing assays for
proteomic studies have been described.

Peptide-stabilized AuNPs have been enzymatically bio-
tinylated by a kinase-catalysed reaction using biotin—ATP
as a co-substrate. Upon mixing with avidin-modified
particles, solutions of biotinylated particles change colour
from red to blue, indicating aggregation of the nano-
particles. On the basis of this reaction, Wang et al.
developed a simple colorimetric test to monitor kinase
inhibitor activity [59]. A similar approach, based on

peptide-induced aggregation of AuNPs, was developed to
sense phosphatase activity. Once the phosphate group is
eliminated by alkaline phosphatase, peptide-induced AuNP
aggregation is triggered, resulting in a significant change in
absorbance at 650 nm [60]. This format assay allows
simple, quick and inexpensive monitorization of the
dephosphorylation reaction, which is a challenging task
because the loss or gain of nucleotide phosphate group
cannot be easily distinguished by conventional spectro-
scopic methods [61].

Surface derivatization of AuNPs with antibodies or
proteins has also been used to determine proteins or
protein—protein interactions in biological samples. In this
way, Pittner and co-workers developed an optical immu-
nochip biosensor for allergen detection (ovalbumin and
ovomucoid) in complex matrices using AuNPs as signal
transducers [62]. Based on this approach, a simple and
rapid colorimetric solid-phase immunoassay has been
reported, in direct and sandwich formats, with a readout
system that does not require complex instrumentation.

The increasing number of applications of nanoparticles
in immunoassays shows their growing importance and
analytical potential. The amplification effect on the signal,
reduced photobleaching effects, safe handling in compari-
son with radioisotopes, use of one less reaction step
compared with ELISAs, and the possibility of performing
multiplexing assays are great advantages which warrant the
increased use of NPs-based bioassays in the future.

Multiplexed assays

Nanoparticles hold particular promise as the next genera-
tion barcodes for multiplexing experiments (see Fig. 3).
Genomic and proteomic research demands greater informa-
tion from single experiments. Conventional experiments
utilize multiple organic dyes to barcode different analytes in
a single experiment, but positive identification may be
difficult due to spectral crosstalk among the different dyes.

Taking advantage of the narrow emission and broad
excitation spectra of QDs, several assays have been
developed to detect various analytes simultaneously. In this
sense, several methodologies are based on the use of
specific antibodies bioconjugated with QDs. In an early
typical development, Goldman and co-workers bioconju-
gated four types of luminescent QDs with four different
specific antibodies to perform a multiplexed fluoroimmuno-
assay for the simultaneous detection of cholera toxin, ricin,
shiga-like toxin 1 and staphylococcal enterotoxin B in
single wells of a microtiter plate [56].

In a further development, Algar and Krull demonstrated
the potential of aptamer—QD assemblies to develop a
simultaneous two-colour diagnostic scheme based on
FRET. For this purpose, two different colour QDs were
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Fig. 3 Scheme of multianalyte immunoassay. Four analytes can be
detected simultaneously in a sandwich assay format from a single well
of a microtiter plate. Antibodies against all four analytes are adsorbed
on the wells of plates, exposed to a mix of all four analytes, and
analytes detected by anti-toxin antibodies conjugated to the various
QDs. (Reprinted from REFERENCE [87] with permission)

conjugated with oligonucleotide probes acting as donors,
and after hybridization with the two target sequences of
oligonucleotides, labelled with organic fluorophores as
acceptors for each QD, the FRET process takes place
allowing the simultaneous detection of two nucleic acids
[63].

In a third interesting example, QDs of different sizes
were coated onto magnetic microbeads generating nano-
barcoded beads (Qbeads). The spectrum of the resulting
microparticles provided an optical code for the specific
composition of the particles. The further conjugation of
gene-specific oligonucleotide probes to the surface of each
nanobarcoded bead allows the creation of a multiplexed
panel, which was evaluated to carry out multiplexed gene
expression analysis [64].

Nanoparticles in aptamer-based detection of genes
and proteins

Aptamers are short single-strand DNAs/RNAs with high
affinity and specificity towards a great variety of molecules,
from ions to whole cells and even intact viral particles.
They are selected from combinatorial libraries of oligonu-
cleotides with different sequences, via an in vitro iterative
process of adsorption, recovery and reamplification known
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as systematic evolution of ligands by exponential enrich-
ment (SELEX) [65]. Aptamers offer several advantages to
being used in biosensing including cost-effective synthesis,
high binding affinities for their targets and flexibility for
signal transduction and detection. Moreover, in principle
aptamers are superior to antibodies in bioanalysis because
they are stable against biodegradation and denaturation and
provide a useful response against non immunogenic
molecules.

Aptamers conjugated with NPs can be employed for the
recognition of targets by exploiting conformational changes
of the molecular structure when a variation in their local
environment takes place because these changes alter the
emission properties of the corresponding luminescent labels
[66]. In this sense, different types of conjugation between
NPs and aptamers have been reported for bioanalytical
applications, including direct covalent linkage (through the
use of heterobifunctional linkers) and non-covalent inter-
actions (e.g. electrostatic interactions, groove binding,
intercalation or complementary single-strand DNA binding)
[67, 68].

Both colorimetric and fluorescent highly sensitive bio-
sensors, based on aptamers conjugated to AuNPs, have
been developed and reported for the detection of specific
oligonucleotide sequences. There, aptamers act as function-
al targeting molecules while AuNP act as indicators. Thus,
when the target sequence is present, the NPs aggregate and
a colour change is observed [69].

Anti-thrombin aptamer has been widely used to detect
thrombin [65]. It has been evaluated in different formats
taking advantage of the fact that each thrombin molecule
interacts with two thrombin aptamers. In this sense, Willner
and co-workers functionalized AuNPs with an anti-
thrombin aptamer, and the presence of thrombin produced
turbidity in the NP solution as consequence of the
generation of aggregates [70]. Another approach for the
detection of thrombin designed by Becker et al. was based
on the immobilization of aptamers onto a glass surface.
After carrying out a sandwich format binding assay,
functionalized AuNPs could be localized on the glass
surface for colorimetric detection [71]. Later, in 2008, Jana
and Ying improved this methodology by using a nitrocel-
lulose membrane for the immobilization and detection [72].
Recently, other types of NPs such as gold nanorods have
been used to carry out the specific aptamer—thrombin
recognition [73].

AuNPs conjugated to aptamers have also been used in
the development of bioassays for determination of cancer
biomarkers, proteins and disease cells. As an example,
Chang and co-workers employed AuNPs modified with an
aptamer to detect platelet-derived growth factors (PDGFs)
by monitoring a visible red-to-purple colour change that,
once again, occurs as a result of aggregation [74]. A
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schematic representation of the aggregation of Apt-AuNPs
in the presence of PDGFs at different concentrations is
given in Fig. 4. Detection of the protein IgE was also
carried out in a new working mechanism named hairpin
sticky-end pairing induced AuNP assembly based on the
discovery of unique aggregation behaviour of aptamer-
functionalized AuNPs [75]. The use of AuNPs conjugated
with the corresponding aptamers allowed the development
of a direct colorimetric assay for disease cells, which
showed a distinct colour change while healthy cells did not
change their colour [76].

Recent advances in this field have given rise to a
multiplexed system for the simultaneous detection of
several analytes (adenosine, cocaine and potassium ions).
For this purpose, ssDNAs were co-assembled at the
surface of AuNPs. The sequences of these three strands
are complementary to those of three aptamers labelled
with different dyes (one for each analyte); then hybrid-
ization with their complementary sequences takes place
at the surface of AuNPs, generating the multicolour gold
nanoprobe [77].

Quantum dots and AuNPs have also been used in
combination with aptamers to develop different bioassays.
Early research includes the bioconjugation of aptamers with
QDs to detect thrombin by using a competition assay
format, in which aptamer—QDs are hybridized with com-
plementary ssDNA labelled with an acceptor dye: the
induced fluorescence quenching of QDs by thrombin which
displaces the labelled ssDNA is restored and so thrombin
concentrations are measured [78].

The use of QD-aptamer conjugates combined with
FRET has also been used for detection of a tumour
biomarker, the glycoprotein MUCI. In this approach,

Fig. 4 Schematic representation
of the aggregation of Apt-GNPs
with PDGFs at a low, b medium
and ¢ high concentrations.
(Reprinted with permission from
REFERENCE [74]. Copyright
2005 American Chemical Society)

*

0% : PDGF

quantitative detection of MUCI is reported by using QDs-
labelled DNA and a DNA strand containing aptameric
region for MUC1 and a strand with a quencher partially
prehybridized. In the absence of the biomarker, strong
fluorescence intensity of the QD was observed. The
presence of MUCI produces a successive decrease of
fluorescence intensity because MUC1 binds to the aptamer
strand in a way that the donor and acceptor are brought into
close proximity and so an efficient FRET process occurs
[79].

Semiconductor QDs and AuNPs have also been used
together, combined with aptamers, in the development of
FRET-based bioassays: singly-labelled QDs plus AuNPs
containing complementary DNA oligonucleotides were
used to develop a fluorescence competition assay for
DNA detection. In that assay, QD fluorescence emission
was quenched due to the close contact with AuNP after
DNA hybridization. The presence of higher amounts of
complementary oligonucleotides without acceptor molecule
brought about a release of the AuNP from the QD and the
consequent QD fluorescence regeneration that was mea-
sured [80]. The same concept and format were also
employed for the detection of avidin [81] and glycoproteins
[82].

In the last few years, the optical properties of QDs have
also been exploited for DNA labelling and for the
development of new DNA-based microarrays, particularly
aimed at the detection of a great number of analytes
simultaneously (multiplex determination). As an example,
different colour QDs were used for the detection of single-
nucleotide polymorphism in human oncogene p53 and for
the simultaneous detection of the hepatitis B and the
hepatitis C virus in microarray configurations [83].

@ :Gwps (130m) &
&~~~ PDGF binding Aptamer
5-/Thio/CAGGCTACGGCACGTAGAGCATCACCATGATCCTG-3
~~ : =SCH,CH,CH.CH,CH.CH,OH
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One important advantage of the use of aptamers as
recognition elements is the possibility to carry out the
discrimination of single-base-mismatched target DNA. Kim
et al. proposed the use of different sized QDs conjugated to
different ssDNA which posses a quencher at the end of the
sequence. When the target was not complementary, the
hybridization process between DNA strands was not complete
and, thus, donor and acceptor were in close proximity, giving
rise to a fluorescence decrease [84]. This approach is also the
basis of the research developed by Zhang and Johnson to
study the sequence-specific interaction between Rev and
RRE, essential for the expression of the structural genes and
for HIV replication. Rev is an HIV-1 regulatory protein that
specifically binds the RNA molecule in the RRE region of
the HIV env gene. Specific RNA (containing RRE region)
attached to QDs was conjugated with Cy5-labelled Rev
peptide. Therefore, FRET interactions were produced, and
QD photoluminescence was quenched as peptide concentra-
tion increased [85].

Conclusions and future prospects

Although the use of nanoparticles as labels in bioanalysis is
still in its infancy, nanoparticles offer a powerful detection
approach in optical imaging and biosensing assays for
proteomics and genomics applications. The initial challenge
of achieving proper coating of the nanoparticles to preserve
their stability, water solubility and ability to label targets is
slowly being met. A great deal of progress has been made
on this front in the last years and new reagent sets should
eventually be effective for multiparameter detection (multi-
plexed detection) with microarray devices. Continuous
advances in the synthesis of nanoparticles and in surface
chemistry for tailored modifications have improved the
reliability of nanoparticle-based reagents for bioassays.
Further progress is expected to push detection limits further
into the sub-femtomolar range (or lower) and lead to
development of new assay formats for multiplex determi-
nations, particularly of proteins.

An important issue to be considered regarding the use of
nanoparticles, particularly for in vivo applications, is their
eventual toxicity and biocompatibility. In fact, actual
applications of QDs for in vivo applications are hindered
by the inherent chemical cytotoxicity expected from the
individual ions (such as Cd**, Se** and Te®") that can be
leached out from the core of the QDs. Novel synthetic
routes to QDs, their encapsulation in appropriate inert
matrices or the modification of their surface with polymeric
layers are some approaches that are being studied in order
to reduce the toxicity of such high-performance nano-
crystals. Of course, another alternative could be the
development of alternative low-toxicity nanomaterials, such
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as carbon dots, gold nanoparticles or doped silica nano-
particles, which have demonstrated a lower toxicity and
higher biocompatibility. In any case, nowadays there is still
a great controversy about the toxicity linked to such
nanoparticles and exhaustive toxicological studies are
urgently demanded.

Despite the outstanding potential of NPs in bioanalytical
research, there are still many challenges that pose signifi-
cant barriers to their further applications and development.
For example, as the properties of nanoparticles are strongly
dependent on the nanoparticle size, nanoparticle materials
synthesis (with reproducible properties for any reliable
applications) should carefully and precisely control the
nanoparticle size. Unfortunately, we must acknowledge,
after a few decades of research endeavour in nanoparticle
synthesis, that reproducibility of nanoparticle production
remains a major issue in nanoparticle research.

A second key point and challenge is how to avoid loss of
activity of the biomolecules once they are conjugated to
nanoparticles. The loss of activity of biomolecules upon
adsorption to an interface such as air—water or water—solid
substrate has been a long-standing problem.

Another issue concerning nanoparticle bioconjugates is the
number of biomolecules attached per nanoparticle. Usually
multiple biomolecules can be attached to an individual
nanoparticle and, in fact, the number of biomolecules attached
per particle cannot be controlled appropriately so far (in part
due to our relatively poor control on the nanoparticle size via
wet chemical synthesis as mentioned previously).

Let us conclude by saying that much work must be carried
out if the chemistry and physics of nanocrystals are to be
understood, if the general concepts for bioconjugation are to
be established, and if new NPs methods, taking advantage of
their discussed unique features, are to be developed to solve
present bioanalysis challenges posed by biology, biochemistry
and medicine.
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OBJETIVOS

Segln lo expuesto anteriormente en la Introduccién, en los Ultimos afios se han conseguido
numerosos y fascinantes avances en el campo de la Nanociencia y la Nanotecnologia ya que los
nuevos nanomateriales (con excepcionales propiedades fisico-quimicas) ofrecen una plataforma

Unica para el desarrollo de nuevas aplicaciones.

Ademas se hace cada vez mas imprescindible la caracterizacién lo mas completa posible de los
mismos en términos de morfologia, estructura, composicidon asi como de su comportamiento en
los diferentes entornos y condiciones donde deben ser empleados. Es decir, se precisan técnicas
analiticas muy diversas para comprender realmente las excepcionales propiedades que

presentan estos nanomateriales.

En particular los quantum dots (QDs) ofrecen unas propiedades fisico-quimicas excepcionales
que los hacen especialmente Utiles para el desarrollo de nuevas metodologias de bioanalisis (p.
ej. metodologias de analisis luminiscente con gran potencial para desarrollar nuevos sensores
Opticos). La capacidad de deteccidn que ofrecen los QDs puede resultar muy superior a la
ofrecida por los marcadores luminiscentes tradicionales (colorantes fluorescentes). Finalmente
hoy es posible la sintesis y modificacion de los QDs y su dopaje por adicidon de iones metalicos
para obtener QDs con propiedades luminiscentes mejoradas (p. ej. mayores tiempos de vida

media del fenédmeno luminiscente).

Por otro lado, el incremento de aplicaciones basadas en QDs también ha generado una gran
preocupacioén social respecto a su posible toxicidad. Se hace pues necesario analizar sus efectos
en el medio ambiente y en los organismos vivos, via estudios de toxicidad de los QDs que

permitan minimizar o incluso evitar los riesgos derivados de su abundante empleo actual.

En este contexto, el objetivo principal de esta Tesis Doctoral es doble: por un lado la sintesis y
caracterizacion de quantum dots de ZnS dopados con manganeso (Mn) para su aplicacion en
el desarrollo de ventajosas metodologias luminiscentes de andlisis quimico, y por otro, la

evaluacion de su toxicidad mediante ensayos in vitro.
Este objetivo general se abordara en la Tesis a través de tres etapas u objetivos parciales:

1. Sintesis de quantum dots de Mn:ZnS (d-dots) y su caracterizacidon por técnicas analiticas
complementarias. Como hemos visto, el dopaje con dtomos metalicos adecuados durante el
proceso de sintesis de los quantum dots permite obtener nanoparticulas cuyas propiedades
luminiscentes varian en funcién de la naturaleza de los dtomos dopantes seleccionados. En
nuestro caso, se ha seleccionado el ion Mn?* como dopante de quantum dots de ZnS para

obtener una emisidn caracteristica en torno a 590 nm, con largos tiempos de vida media. Se
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estudiard la influencia de la concentracién de iones manganeso durante el proceso de sintesis,
evaluandose la estructura y pardmetros luminiscentes de las nanoparticulas resultantes. Para
la caracterizacidn, complementaria y multiparamétrica apropiada de los d-dots obtenidos se
emplearan diferentes técnicas analiticas. La combinacién de toda la informacion analitica
deberia permitir la estimacién del nimero de nanoparticulas presentes en una disolucidon

(concentracién en nimero de NPs) y de la estequiometria ligando-nanoparticula.

Aplicacion de los d-dots fosforescentes en el desarrollo de nuevas y ventajosas
metodologias analiticas. Evaluaremos el uso de QDs de Mn:ZnS recubiertos con L-cisteina
como indicadores luminiscentes para la determinacion directa de la presencia de acetona
(como analito modelo) en muestras reales. Para ello, se estudiaran aquellas variables que
pueden afectar el proceso emisidn fosforescente de los d-dots, tratando de esclarecer el
mecanismo de interaccion entre el analito y los ligandos superficiales que recubren los d-dots
responsables de la sefial analitica (p. ej. de la modificacidn de la emisién luminiscente). La
incorporacién de los d-dots en el interior de un soporte sélido se ensayara para el desarrollo
de una fase sensora activa selectiva al analito “modelo” acetona. Aprovechando la
experiencia previa de nuestro Grupo de Investigacion, con tal objeto se estudiarad el empleo
de la tecnologia sol-gel para obtener un soporte sdlido estable, inerte y transparente donde

los d-dots se encuentren atrapados sin que sus propiedades luminiscentes sean alteradas.

Evaluacion de los efectos toxicos producidos por incorporacion de quantum dots de Mn:ZnS
en cultivos celulares. Las favorables propiedades luminiscentes de los quantum dots explican
su importancia actual para el desarrollo de nuevas aplicaciones, sobre todo en el area de la
biomedicina. Por desgracia, todavia se desconocen los efectos mas o menos nocivos de los
quantum dots sobre células y organismos vivos, a pesar de su importancia crucial en
aplicaciones biomédicas. Por ello, se considerd de interés actual intentar evaluar si los QDs
de Mn:ZnS obtenidos constituyen una alternativa de baja toxicidad y biocompatible a los QDs
convencionales, los cuales se conoce que presentan dichos problemas, debido a su
composicion (presencia de metales toxicos). Este trabajo se realizé en colaboracién con el
grupo de Biotecnologia y Terapia Experimental (vinculado al Departamento de Biologia y
Morfologia Celular de la Universidad de Oviedo vy al Instituto Universitario de Oncologia del
Principado de Asturias, IUOPA). Se emplearan cultivos celulares in vitro y en primer lugar se
investigard la posible entrada de los d-dots en las células y su localizacién en el interior de las
mismas. En segundo lugar, se iniciardan estudios comparativos para evaluar los efectos
producidos en las células por la exposicion a diferentes dosis de d-dots y tiempos de

incubacion.
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EXPERIMENTAL

C.1 INSTRUMENTACION DE MEDIDA EMPLEADA

Espectrometro de luminiscencia Varian Cary Eclipse (Varian Ibérica) equipado con ldmpara
pulsante de Xendn (potencia de pico equivalente a 75 KW), monocromadores Czerny-Turner
y un tubo fotomultiplicador modelo R-298 como detector. El programa de control y

tratamiento de datos, Cary Eclipse, opera bajo entorno Windows.

Espectrometro de luminiscencia Perkin Elmer Modelo LS-50B, provisto de ordenador con

programa de control y tratamiento de datos bajo entorno Windows (FL-Winlab).

Espectrémetro UV/Vis/NIR modelo Lambda 900 Perkin Elmer, provisto de ordenador con

programa de control y tratamiento de datos bajo entorno de Windows (W-Winlab).
Espectrometro UV/Vis modelo Genesys 10S UV-Vis Thermo Scientific.

Espectrémetro UV-Vis modelo Cary 50 Bio UV-Vis (Varian, Agilent Technologies), provisto de
un lector de placas automatico Cary 50-MPR-Microplate reader (Varian, Agilent

Technologies).

Espectrofotdmetro para medidas en la regidn espectral del infrarrojo, con transformada de
Fourier (FTIR), acoplado a un microscopio con sistema de formacién de imagenes (Varian
620-IR y Varian 670-IR) con tres sistemas de deteccion: uno en el espectrémetro (un detectro
de conductividad térmico tipo DLaTGS “deuterated L-alanine doped triglycine sulfate”), y dos
en el microscopio (Focal Plane Arra -FPA, para formacion de imagenes y Mercury-cadmiun
teluride-MCT para medidas puntuales). El equipo posee un dispositivo de medida por
reflexion total atenuada (ATR) que permite el analisis de superficies y/o de sdlidos

directamente sin necesidad de preparacién de pastilla de KBr.

Zetasizer NanoZS (Malvern Instruments Ltd.). Equipo empleado para realizar medidas de DLS.

Proporciona informacion sobre tamafio hidrodindmico y potencial Z de las nanoparticulas.

Microscopio Electrénico de Transmisién (MET JEOL-200 EXII) de kilovoltaje maximo 200 kV,

poder de resolucion 3,4 A entre lineas. Sistema fotografico: camara de placas 6,5x9,5 y

pelicula 35 mm, e imagen digitalizada con salida a PC (sistema digital micrograph GATAN).

Microscopio Electrénico de Transmisidn de Alta Resolucion (JEOL JEM-2100F) que opera con
un voltaje de 200 kV. Esta equipado con un cafidon de emisidon de campo (FEG) y una lente
objetivo de alta resolucion que permite alcanzar una resolucién de 2.3 A entre puntos y 1.0
A entre lineas. Ademas, estd equipado con una camara CCD de alta resolucidn (Gatan), un

microanalizador por Energia de Rayos X Dispersados (EDX) que permite la deteccidén y
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cuantificacidn de los elementos presentes, una unidad de barrido por transmisién (STEM)
con detectores de campo claro (BF) y campo oscuro (DF), que permite obtener mapas de
composicion de las muestras, un sistema de filtro de energias post columna (GIF) para la
adquisicion de imagenes filtradas, un espectrémetro de pérdida de energia de electrones

(EELS), y sistema de precesidn del haz para difraccidn de electrones.

* Microscopio Electrénico de Barrido (MEB JEOL-6610LV) con cafidén de electrones de filamento
de wolframio, con posibilidad de trabajo de 0,5 a 30 kV y una resolucién maxima de 3.0 nm.
Capacidad de amplificacion de imagen entre x5 hasta x50.000 aumentos. Estd dotado de
detectores de electrones secundarios y de electrones retrodispersados (composicion,
topografia y sombreado). Ademas, consta de un equipo de microanalisis integrado (INCA
Energy 350 - Xmax 50) con detector SDD modelo Xmax 50 con resolucién de energias inferior
a 125 eV a 5,9 KeV y a 20.000 cps, y drea activa de 50 mm?. También contiene una ventana

ultra fina que permite deteccidn y analisis de elementos ultraligeros (C, N, O).

* Microscopio de barrido de punta equipado para microscopia de fuerzas (Nanotec Electronics)
gue permite realizar las medidas en modo estatico o dindmico, asi como, al aire o en celda
de liquidos. Las imagenes se analizan empleando el software WSxM 5.0 software (Nanotec

Electronics).

* Difractdometro de Rayos X Bruker D8 DISCOVER. Puede configurarse para diversas
aplicaciones de difraccién de polvo incluyendo la identificacion y analisis de fases, estudios
estructurales de materiales, microdifraccidon (resolucidn espacial), analisis de capas finas,
difraccion de alta resolucion, reflectometria y mapeo del espacio reciproco. Dispone de un
goniémetro horizontal de 250 nm equipado con un detector LunxEye PSD, ranura de
divergencia de 0.6 mm, y ranuras Soller primarias y secundarias de 2.5°, y filtro de rayos Ni
Ko El software que se emplea para el tratamiento de los difractogramas es el DIFFRAC.EVA

(Bruker AXS, Karlsruhe, Alemania).

* Equipo ICP-MS de doble enfoque o alta resolucién modelo ELEMENT2 de Thermo Electron.
Este equipo estd provisto de un nebulizador tipo cross-flow, una cdmara de nebulizacién de
doble paso tipo Scott sin refrigeracion y una antorcha de cuarzo tipo Fassel, con un canal
central de 1 mm de diametro interno. Los conos “sampler” y “skimmer” empleados son de
niquel, con un diametro de 1 mm y 0,7 mm, respectivamente. El equipo presenta un sistema
analizador de doble enfoque: un sector magnético y uno electroestatico dispuestos conforme
a una geometria Nier-Johnson inversa (el enfoque magnético se realiza previo al

electroestatico) y permite trabajar en tres tipos de resolucidn: baja (>300), media (>4000) y
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alta (>10000). El detector utilizado por este equipo es un multiplicador de electrones

secundarios que opera de forma dual (analdgico y digital).

Analizador elemental Vario MACRO CNHS/O (Elementar Analysensysteme GmbH, Alemania)
que permite la determinacion de la concentracion de carbono total, nitrégeno total,
hidrégeno total y azufre mediante la combustidn a altas temperatura en presencia de
oxigeno. La separacion de los compuestos volatiles formados se realiza mediante columnas

de adsorcion/desorcion especificas y la deteccion se produce en por conductividad térmica.

Microscopio contraste de fase (Leica DM IL LED, de Leica Microsystem) con potencia maxima

20 W y contraste de modulaciéon para 10x, 20x, 32x y 40x.

Microscopio Confocal Leica TCS-SP2-AOBS que consta de una configuracién multilaser (diodo
laser de 405 nm, laser de Argdn -458nm, 476nm, 488nm, 496nm, 514nm, laser de Helio-Nedn
-543 nm y laser de Helid-Nedn -633 nm). El programa de adquisicion de imagenes es Leica
confocal software LCS (Leica Microsystems Heidelberg GmbH, Alemania) y el programa de
procesamiento y andlisis de imagenes es ConfocalUniovi ImageJ (A. Martinez Nistal, Unidad
de microscopia fotdnica y proceso de imdgenes, Servicios Cientifico-Técnicos de la

Universidad de Oviedo).

Citdmetro de flujo Cytomics FC500 (Beckman Coulter Inc). La integracion de los datos vy el
andlisis se realizd por medio del programa Modfit LT 3.0 de “Verity Software House”

(Topsham, EE.UU.).

Incubador Galaxy S Series 170S CO, (New Brunswick Scientific).

C.2 MATERIALY REACTIVOS

C.2.1 Material empleado para la sintesis de quantum dots

Manta calefactora modelo Fibroman-N (J. P. Selecta) acoplada a un sistema de control digital

de temperatura modelo Electemp (J. P. Selecta).
Agitador magnético modelo RCT basic (Kika werke).
Linea de vacio.

Jeringas, agujas y material de vidrio general.
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C.2.2 Material empleado en los sistemas de analisis por inyeccion de flujo

* Celda de cuarzo de flujo convencional para medidas de luminiscencia, Hellma Suprasil

176.052-QS de 1,5 mm de paso dptico.
* Bomba peristaltica de cuatro canales modelo Miniplus 2 (Scharlab).

* Tubos para bomba peristaltica Kendall Elkay, tuberia de PTFE de 0,8 mm de diametro interno

y conectores suministrados por Ommifit.

* Tubos bomba peristéltica (rojo-rojo) (Scharlab).

C.2.3 Material empleado para los cultivos celulares

* Placas Petri 250 y 100 mm
* Placas 96, 24 y 6 pocillos.
* Camara de Neubauer (Brand GMBH) para el contaje de células.

* Contador de células (Tanaco industrial Co.)

C.2.4 Material general

* pH metro modelo micro pH 2000 (Crison Instruments).

* Balanza Precisa 180 A, con precision hasta £ 0,01 mg.

* Granatario SCALTEC, con precision hasta + 0,01 g.

* Bafio de ultrasonidos J. P. Selecta.

* Equipo de generacidn de agua destilada/desionizada Milli-Q Advantage, Millipore.
* Rotavapor Heidolph WB2000/VV2000.

* Centrifuga Biofuge Stratus, Heraeus.

* Estufa de laboratorio, Memmert modelo 100.

* Celda de cuarzo de flujo convencional para medidas de luminiscencia, Hellma Suprasil

176.052-QS de 1,5 mm de paso dptico.

* Celda de cuarzo convencional para medidas de luminiscencia, Hellma (modelo 101-QS con

paso éptico de 10 mm).

* Celda de cuarzo convencional para medidas de luminiscencia, Hellma (modelo 114F-QS con

paso éptico de 10 mm).
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* Celda de cuarzo convencional para medidas de luminescencia, Hellma Suprasil (modelo ultra-

micro 105.254-QS con paso éptico de 3 mm y volumen de cadmara de 45 pL).
* Micropipetas Eppendorf y Finnipipette de volimenes variables.
* Filtros PVDF 0,22 y 0,45 um (Teknokroma).
* Tamices con diversos didmetros de poro.
* Mortero de agata.
* Material volumétrico de vidrio de calidad contrastada.

* Portaobjetos de vidrio para microscopio para la medida de fluorescencia.

C.3 REACTIVOS Y DISOLUCIONES

Todos los reactivos utilizados a lo largo de la presente Tesis Doctoral se recogen en la Tabla 2.
Todos los reactivos empleados son de calidad analitica y han sido utilizados directamente sin
llevar a cabo ningun tipo de purificacién previa. Las disoluciones acuosas empleadas han sido
preparadas disolviendo la cantidad adecuada de reactivo sélido y utilizando agua ultrapura
desionizada (Mili-Q, cuya resistividad es 18, 2 MQ cm™?).

Tabla 2. Lista de reactivos utilizado a lo largo de la presente Tesis Doctoral, agrupados segun el
procedimiento experimental donde se han utilizado.

REACTIVO PUREZA CASA COMERCIAL
Sintesis de QDs
Hidrocloruro de L-cisteina monohidratado 99,9 % MERCK
Cloruro de manganeso tetrahidratado 99% MERCK
Sulfato de zinc heptahidratado Grado ACS MERCK
Cloruro de zinc Grado ACS MERCK
Sulfuro de sodio nonahidratado 99 % SIGMA
Argén 99,9999 % Air Liquid
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Sintesis de sol-gel

(3-aminopropil) trietoxisilano (APTES) >98 %
Tetrametilortosilicato (TMOS) >98 %

Cloruro de N-etil-N’-(3-dimetilaminopropil)
98 %
carbodiimida (EDC)

FLUKA

FLUKA

FLUKA

Cultivos celulares

Células NIH3T3 (Catdlogo CRL-1658 )

Dulbecco’s Modified Eagle Medium
(DMEM)

Suero bovino fetal (FBS) —

Coctel antimicdtico-antibidtico —(contiene

penicilina, estreptomicina y anfotericina B)

Glutamina -

HEPES (acido 2-[4-(2-hidroxietil)-1-

American Type Culture

Collection

SIGMA

Gib Gibco-BRL Life

Technologies

Gibco-BRL Life

Technologies

Gibco-BRL Life

Technologies

>99,5 % SIGMA-ALDRICH
piperacinil-(1)] etanosulfénico)
Tensoactivos

Bromuro de hexadeciltrimetlamonio (CTAB) --- ALDRICH
Bromuro de trimetil(tetradecil)amonio

--- ALDRICH
(TDAB)
TRITON X-100 --- ALDRICH
Dodecilsulfato sédico (SDS) 98,5 % ALDRICH

Matriz de orina

Urea 99,5 % Acros Organic

Hidrocloruro de creatinina -

Cloruro de sodio -

SIGMA

MERCK
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Sulfato de potasio --- MERCK
Sulfato de magnesio --- MERCK
Bishidrégeno fosfato de potasio --- MERCK
Hidrégeno fosfato de potasio - MERCK
Acido clorhidrico 37 % MERCK

Patrones ICP

Zn (11) 1000 mg L CertiPUR MERCK
Mn (1) 1000 mg L't CertiPUR MERCK
Ga(lll) 1000 mg L) CertiPUR MERCK
Azufre (SO4*) 1000 mg L CertiPUR MERCK

Disoluciones reguladoras

Acido Acético 99,8 % SIGMA
Acetato de sodio --- MERCK
Hidrogeno fosfato de sodio - MERCK
Dihidrégeno fosfato de potasio - MERCK
Acido bérico - MERCK

Disolventes organicos

2-propanol 99,8 % MERCK

Acetona Grado HPLC VWR PROLABO
Acetonitrilo 99,9 % VWR PROLABO
Etanol absoluto 99,9 % VWR PROLABO
Metanol Grado HPLC SIGMA-ALDRICH

Otros reactivos

Acido nitrico Suprapur MERCK
Bromuro de potasio 99,999 % MERCK
Cloruro de calcio dihidratado 98 % MERCK
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Cloruro de europio (lll) hexahidratado 99,9 % ALDRICH
Cloruro de potasio 99 % PANREAC
DL-Histidina >99 % FLUKA
Glucosa Grado ACS SIGMA
Hidréxido de sodio >97 % SIGMA
Patrén acetona 2000 ug mLten

Grado analitico SUPELCO
metanol:agua (9:1)
Patron acetona 5000 ug mL™* en

Grado analitico SUPELCO
metanol:agua (9:1)
Perdxido de hidrégeno Suprapur MERCK
Sulfato de magnesio 97 % MERCK
Sulfito de sodio 98 % MERCK
Yoduro de potasio 99,5 % MERCK

C.4 PROCEDIMIENTOS EXPERIMENTALES

C.4.1 Sintesis de quantum dots de ZnS dopados con Mn

El procedimiento de sintesis de los QDs de Mn:ZnS ha sido optimizado en nuestro Grupo de
Investigacion, basandose en el procedimiento descrito por He y col*. Todas las disoluciones
acuosas de los precursores utilizadas se prepararon el mismo dia de la sintesis. El proceso de
sintesis se realiza en varias etapas tal y como se recoge esquematicamente en la Figura 23. En
primer lugar, se mezcla, en un vaso de precipitados, 50 mL de L-cisteina 0,02 M, 5 mL de ZnCl,
0,1 M, 0,15 mL de MnCl; 0,1 My 1,35 mL de agua Milli-Q. A continuacién, se incrementa el pH
hasta 11 con NaOH 1 M. Seguidamente, se vierte la mezcla en un matraz de tres bocas. La mezcla
se mantiene bajo agitacion constante y expuesta a un flujo de argdn durante 30 minutos para
su desoxigenacion. Tras este periodo, y bajo la misma atmdsfera inerte, se inyectan rapidamente
5 mL de Na,S 0,1 M, manteniendo durante 20 minutos adicionales la agitacion y el borboteo con
un flujo de argén. La inyeccidn de Na,S propicia la co-precipitacidon gradual de ZnS y MnS 2, que
finalmente originara los quantum dots de ZnS dopados con manganeso (Mn:ZnS). A
continuacion, la temperatura de la disolucién contenida en el matraz de reaccién se eleva hasta

50°C, durante dos horas bajo atmdsfera de aire y agitacidon continua. Durante esta etapa final se
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somete a las nanoparticulas a un proceso de envejecimiento, que mejora su cristalinidad, y

disminuye los defectos superficiales.

Finalmente, la disolucién obtenida se transfiere a un vaso de precipitados y se diluye 1:1 con
etanol. Para completar el proceso de purificacion, se somete la mezcla final a un proceso de
centrifugacion a 5000 r.p.m. durante 5 minutos para separar los QDs del exceso de reactivos
presente en el sobrenadante. La fase liquida del sobrenadante se decanta para eliminar
cualguier exceso de reactivos. Posteriormente, los d-dots (sélido marrén) se someten a un
proceso de secado a vacio, obteniéndose finalmente los d-dots solubles en agua en forma de un

polvo de color pardo.

20 min
>
MnCl, Inveccién rénida Atmosfera de aire
ZnCl, ¥ Na.S H 2 horas
L-Cisteina z 50°C

Figura 23. Esquema del proceso de sintesis de quantum dots de Mn:ZnS.

Los QDs de ZnS sin dopar se sintetizaron siguiendo el mismo procedimiento experimental, pero

eliminando la etapa de adicion del precursor de manganeso (MnCl,).

A lo largo de esta Tesis Doctoral, se evalud el empleo de dos precursores diferentes de Zn%, el
ZnS0, y el ZnCl,, selecciondandose este ultimo para los experimentos en los que se realizaran
medidas por ICP-MS con objeto de evitar la interferencia del azufre procedente del ZnSOsen la
determinacidn del azufre contenido en los nucleos de los d-dots y en los ligandos cisteina. El

empleo de ZnCl; no afecta en ningln caso la calidad de los nanocristales obtenidos.

C.4.2 Dispersiones coloidales de quantum dots

Tras el proceso de sintesis, los quantum dots obtenidos se encuentran en forma de sdlido
pulverulento de color pardo. Con el objeto de obtener las nanoparticulas solubles en medio
acuoso, estas se redispersan directamente en el medio de interés correspondiente: agua,
disolucién reguladora o medio celular (DMEM). Asi pues, la concentracion de nanoparticulas en
disolucién se puede expresar facilmente, en términos de masa, como masa de nanoparticula por

volumen de disolucion (mg L?).
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C.4.3 Sintesis de sol-geles dopados con quantum dots

La sintesis de sol-geles dopados con QDs se basé en estudios previos realizados en nuestro grupo
de investigacion®>. En este caso, los silicatos precursores seleccionados fueron

tetrametoxisilano (TMOS) y 3-(aminopropil)trietoxisilano (APTES).

La disoluciéon matriz del sol-gel se sintetiza por reaccidn entre una mezcla de etanol, agua y la
disolucion de d-dots, con la mezcla de precursores (APTES/TMOS), el entrecruzador (EDC) vy el
catalizador (NaOH) bajo agitacion constante para que se produzca la etapa de polimerizacion. A
continuacién, comienza la etapa de secado (la mezcla comienza a solidificarse inmediatamente
después del proceso de mezcla) que se prolongara durante al menos dos semanas para eliminar

los disolventes (ver esquema de la Figura 24).

e APTES/TMOS &Mn:ZnS QDs

SOL GEL AERUGEL SOL - GEL

POROSO

Figura 24. Esquema del proceso de preparacion de un xerogel poroso dopado con d-dots.

La sintesis de los sol-geles se ha llevado a cabo mezclando, bajo agitacién constante, en el
siguiente orden: 2,5 mL de etanol, 1 mL de d-dots de Mn:ZnS dispersos en una disolucion
reguladora de PBS pH 7.4 (con objeto de alcanzar una concentracion final de d-dots en la mezcla
final del orden de 8 mg L) y 2,9 mL de agua desionizada. A continuacién, se afiaden 750 pL
APTES e inmediatamente después se afiade la disolucién de EDC (en una proporcion QD:EDC
1:100), 750 puL de TMOS vy finalmente 50 pL de hidroxido de sodio 0,1 M. Tras el proceso de
homogeneizacidn, se inicia la polimerizacién de la mezcla y a continuacidn, se inicia el proceso
de secado a temperatura ambiente. El sélido final o xerogel obtenido tras dos semanas de
secado a temperatura ambiente se fragmenta en un mortero de agata, y se clasifican las distintas
fracciones del sdlido obtenido por tamizado entre los tamafios de interés. La fraccién de

particulas de tamafio seleccionadas para estudios posteriores fue 200 um - 250 um.

C.4.4 Cultivos celulares

Los experimentos de toxicidad in vitro de QDs de Mn:ZnS se realizaron empleando una linea

celular de fibroblastos embrionarios murinos de raton, NIH3T3. Las células NIH3T3 se cultivaron
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en DMEM suplementado con un 10% de suero fetal bovino (FBS), 2 mM de glutamina, 15 mM
de HEPES y un 1% de un cdctel antimicotico-antibidtico que contiene 100 unidades mL? de

penicilina, 10 ug mL™* de estreptomicinay 25 pg mL* de anfotericina B.

Las células se cultivaron a 37 °C en un incubador de CO; (Heraeus) en un entorno humidificado
con una atmésfera enriquecida en CO; hasta un 5%. El medio de cultivo fue cambiado cada dos
dias y se afiadiéd medio fresco antes del inicio de todos los ensayos. Antes de cada experimento,
las células fueron recogidas con tripsina (0,25% de tripsina y 0,53 mM de 4&cido
etilendiaminotetraacético-EDTA) a temperatura ambiente durante 3 minutos. La tripsina se
inactivd afiadiendo 1% de FBS estéril. Las células se sembraron en las placas adecuadas 24 horas

antes del inicio del experimento, favoreciendo su adhesion a la placa durante toda la noche.

Para los ensayos de citotoxicidad, se sintetizaron utilizdé una disolucion madre de d-dots
dispersos en medio celular (DMEM) que posteriormente se diluyé directamente en el medio

hasta alcanzar la concentracion deseada.

C.4.5 Tratamiento y recogida de células

Las células fueron cultivadas en placas Petri de 250 mm de didmetro a una densidad de 40.000
células mL? con 20 mL de medio de cultivo. Antes de cada tratamiento, se cambié el medio de
todas las placas por medio fresco (controles) o medio conteniendo los d-dots dispersos a la
concentracion de interés y previamente filtrados con filtro PVDF de 0,22 um (tratamiento con

d-dots). Se sembraron tres réplicas para cada grupo experimental.

Tras el tiempo de incubacidn, las células se lavaron con 10 mL de disolucién reguladora de PBS
frio (pH fisioldgico), y se recogieron mediante raspado. Posteriormente se centrifugaron las
muestras dos veces durante 5 minutos a 400 xg (4°C), los sobrenadantes se recogieron para su
analisis y se tomd una alicuota de 10 pL de la suspension celular para realizar el ensayo de Trypan
Blue. Tras una nueva centrifugacion a 400 xg durante 5 minutos, se elimind el sobrenadante y
se recogio una alicuota de 200 pL para el estudio proteico, y otra de 120 uL para el estudio del
ciclo celular. Finalmente, tras otra centrifugacién a 400 xg durante 5 minutos, se eliminé el
sobrenadante y se afiadieron 100 pL de agua mili-Q estéril. Las muestras se congelaron a -80 °C
durante 15 minutos, y posteriormente se incubaron durante 15 minutos a 37 °C. Esta operacion
se repitié dos veces para provocar la ruptura de las membranas plasmaticas y la liberacion del

contenido intracelular.
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C.4.6 Sistemas experimentales

C.4.6.1 Medidas de luminiscencia de los quantum dots

Las medidas de fluorescencia y fosforescencia se llevaron a cabo en un espectrémetro de
luminiscencia (para algunos estudios se empled un equipo modelo Varian Cary Eclipse mientras
qgue en otros estudios se selecciond el equipo Perkin Elmer modelo LS-50B). Las variables
instrumentales, incluyendo los anchos de las rendijas de excitacién y emisidn, voltaje del
detector, etc., se optimizaron debidamente en cada medida, a fin de obtener la mayor

sensibilidad en la deteccién de la luminiscencia de los QDs evaluados en cada medida.

Para realizar las medidas de fosforescencia, fue necesario optimizar ademas dos nuevas
variables instrumentales, el tiempo de demora (tq) y el tiempo de integracidn (tg) (ver Figura 25).
El primero indica el tiempo a partir del cual se integra la sefial fosforescente, debe estar
comprendido entre el tiempo que dura el pulso de la lampara y el impuesto por la vida media
del compuesto fosforescente. El tiempo de integracidn es el tiempo durante el cual se integra la
sefial fosforescente. Ambos parametros, tq y tg, afectan a la sensibilidad y selectividad de los

métodos propuestos.

fo=

Fluorescencia residual

Zona de deteccidon
Pulso

Intensidad de luminiscencia

Tiempo de integracion

____ S———

[—8
Tiempo de Tiempo
demora

Figura 25. Definicion del tiempo de demora (t;) y de integracion (t,).
Medidas en discontinuo

Para llevar a cabo las medidas de fluorescencia y fosforescencia en discontinuo, se empled una
celda de luminiscencia convencional de cuarzo Hellma (modelo 101 —QS) con un paso éptico de
10 mm. En el caso de trabajar con volimenes mas pequefios, se utilizaron celda de luminiscencia

de menor volumen, modelo 114F-QS y modelo 176.052-QS (Ver Figura 26 A, By C).
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Figura 26. Esquema de las diferentes celdas de luminiscencia utilizadas: A) 101-QS; B) 114F-QS; C)
176.052-QS; D) 176.052-QS.

Medidas de andlisis por inyeccién en flujo (FIA)

El sistema experimental empleado para la caracterizaciéon fotoluminiscente de las diferentes
matrices sol-gel dopadas con QDs (asi como para el desarrollo del sensor éptico basado en
mecanismos de desactivacion de la fosforescencia) consiste basicamente en: una bomba
peristaltica de cuatro canales Miniplus 2 (Scharlab) que genera un flujo de disolucidn portadora
(agua destilada) de 1 mL/min. Las canalizaciones empleadas en el sistema FIA son tubos de PTFE

con un didmetro interno de 0,8 mm.

El soporte sdlido sol-gel que contiene los d-dots inmovilizados, una vez tamizado, se empaqueta
en la celda de flujo de luminiscencia Hellma modelo 176.052-QS (Mullhein, Alemania) con un
paso optico de 1,5 mm (Ver Figura 26 D). La celda se dispone en el compartimento de cubetas
convencional del luminédmetro en donde se monitorizan de forma continua las emisiones
fotoluminiscentes del material empaquetado a temperatura ambiente (20 + 3 °C) (Ver Figura
27). Para asegurar que las particulas de sol-gel permanecen en el interior de la celda de flujo, es
preciso colocar una tela de nylon en su interior, pero asegurandonos que queda fuera del paso
6ptico de la celda. Este material, que actia como una especie de filtro, permite el paso de una

disolucién o un gas a su través y evita al mismo tiempo que la fase sea arrastrada por el flujo.

1 Fase |
H Sensora o

Luminometro Tela de
Nylon
Bomba
Portador Peristaltica |
Residuos

Figura 27. Esquema del sistema FIA utilizado para la caracterizacion de las fases sensoras sol-gel.
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RESULTADOS Y DISCUSION

D.1 SINTESIS Y CARACTERIZACION DE QUANTUM DOTS DE ZnS DOPADOS
CON Mn: ESTIMACION DE LA CONCENTRACION DE PARTICULAS Y DE
LA ESTEQUIOMETRIA LIGANDO-NANOPARTICULA.
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D.1.1 Introduccidn y objetivos

Tal y como ha quedado reflejado en la Introduccién de la presente Memoria en los Ultimos afios
ha tenido lugar un creciente desarrollo de materiales a escala nanométrica asi como su
incorporacion en multiples productos y dispositivos. En este sentido, los quantum dots son un
tipo de nanoparticulas que han destacado debido a las excelentes propiedades optoelectrdnicas
que presentan como consecuencia de los efectos de confinamiento cudntico que tienen lugar al

sintetizar esos materiales a escala nanométrica.

En este contexto, a lo largo de los ultimos afios, numerosos esfuerzos investigadores se han
dedicado hacia el perfeccionamiento de los procesos de sintesis y modificacién superficial de los
quantum dots para obtener nanoparticulas de alta calidad y con gran potencial para ser
aplicadas como marcas luminiscentes en aplicaciones biomédicas. Entre las propiedades mas
relevantes de los QDs se encuentra la capacidad de modular su emisién luminiscente
controlando su tamafio, forma y composicidon. Sin embargo, existe otra alternativa para
conseguir sintonizar su emisidon luminiscente que consiste en el dopaje de quantum dots
mediante la introduccién de atomos metalicos en su estructura de forma controlada. Esto
permite modular sus propiedades dpticas, luminiscentes y magnéticas entre otras propiedades.
Asi se consiguen quantum dots que pueden combinar las propiedades optoelectrénicas de las
nanoparticulas sin dopar y asimismo, obtener nuevas y mejoradas caracteristicas que resultan

interesantes para aplicaciones bioanaliticas.

En efecto, uno de los campos de aplicacién de mayor interés para los quantum dots es su empleo
en aplicaciones biomédicas, tanto como marcas luminiscentes como en diagndstico y terapia.
Sin embargo, su enorme potencial va acompafiado de cierta incertidumbre respecto a su
integracion en medios bioldgicos y sus posibles efectos tanto para el medio ambiente como para
la salud humana. Con objeto de minimizar los riesgos asociados a su empleo y obtener mayor
informacidén de las nanoparticulas sintetizadas se hace necesaria una caracterizacion adecuada
de las NPs que permita obtener informacidn sobre su composicidn real, estructura cristalina,
estado superficial y estabilidad asi como conocer sus propiedades para poder optimizar su uso

y minimizar riesgos asociadas a su empleo en organismos vivos.

En esta linea, en la presente Tesis Doctoral se propone llevar a cabo la sintesis y el empleo de
quantum dots con naturaleza de ZnS dopados con Mn, con la intencidn de obtener un tipo de
QDs con una emision fosforescente, que resulta especialmente apropiada en bioanalisis. En este
tipo de nanoparticulas dopadas es muy dificil controlar el proceso de dopaje asi como conocer

la posicion exacta de los &tomos de impureza (manganeso) en la estructura de los nanocristales,
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lo cual influye significativamente en su comportamiento luminiscente. En este contexto, la
combinacion de diferentes técnicas analiticas permitiria obtener la informacidn necesaria
referente a los quantum dots obtenidos tras su proceso de sintesis permitiendo su optimizaciéon

para asi posteriormente, desarrollar las aplicaciones de interés.

Por todo lo expuesto anteriormente, el objetivo general de este capitulo consiste en la sintesis
y caracterizacion de QDs de Mn:ZnS, mediante el empleo de técnicas analiticas complementarias
buscando optimizar y seleccionar el proceso de sintesis que da lugar a nanoparticulas con

prestaciones superiores para el desarrollo de futuras aplicaciones analiticas.
Dicha investigacidn se llevo a cabo a través de las siguientes etapas sucesivas.

1. Sintesis y estudio estructural y luminiscente de la influencia de la concentracién de
cantidades crecientes de Mn?* en quantum dots de Mn:ZnS. Seleccién las nanoparticulas que

presenten mejores propiedades luminiscentes.

2. Caracterizacién de la morfologia y recubrimiento superficial de los QDs de Mn:ZnS
mediante la combinacidn de diferentes técnicas complementarias (microscopia, luz dispersada,
FTIR).

3. Estudio exhaustivo de las caracteristicas luminiscentes de las nanoparticulas obtenidas.

4. Evaluacion de la composicién elemental de los QDs mediante el empleo de técnicas
cualitativas (EDS y andlisis elemental) y la espectroscopia de masas con fuente de acoplamiento
inductivo para la cuantificacién. Estudio de diferentes pretratamientos para la muestra de

nanoparticulas.

5. Desarrollo de una metodologia analitica para la estimacién de la concentracién de d-
dots en una disolucidn expresada en nimero de nanoparticulas por unidad de volumen asi como
para conocer la estequiometria ligando-nanoparticula aspecto de crucial interés para futuras

aplicaciones cuantitativas.

Los articulos titulados: “Influence of Mn?* concentration on Mn?**-doped ZnS quantum dot
synthesis: evaluation of the structural and photoluminescent properties” publicado en la revista
especializada en nanomateriales Nanoscale (2013, 5, 9156-9161) de la Royal Society of
Chemistry y “Determination of the concentration of colloidal Mn* doped ZnS quantum dots from
ICP-MS measurements” enviado para su publicacién a la revista especializada en materiales
Chemistry of Materials de la American Chemical Society, resumen el trabajo y conclusiones de

las investigaciones resefiadas mas arriba para este primer Capitulo de la Tesis.
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D.1.2 Articulo cientifico I:

Nanoscale, 2013, 5, 9156-9161

Emma Sotelo-Gonzalez, Laura Roces, Santiago Garcia-Granda, Maria T. Fernandez-Arguelles,

Jose M. Costa-Fernandez and Alfredo Sanz-Medel.

Effect of manganese concentration added during the QD synthesis on the
spectroscopic and crystallographic properties of the of Mn2* doped ZnS QDs.
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The intentional introduction of transition metal impurities into semiconductor nanocrystals is an attractive
approach for tuning quantum dot photoluminescence emission. Particularly, doping of ZnS quantum dots
with Mn?* (Mn:ZnS QDs) results in a phosphorescence-type emission, attributed to the incorporation
of manganese ions into the nanocrystal structure, so that delayed radiational deactivation of the energy of
nanoparticles, excited through the energy levels of the metal, is enabled. However, the development of
effective doping strategies can be challenging, especially if a highly efficient photoluminescent emission
within a known crystalline core structure, is required (e.g. for analytical phosphorescence applications). The
spectroscopic properties and the crystal structure of Mn?*-doped ZnS QDs are studied here to provide a
better understanding on how the luminescence emission and the crystalline composition are influenced by
the presence of Mn?* and its concentration used during the synthesis. In order to further control and
optimize the synthesis of doped QDs for future bioanalytical applications, different complementary
techniques including photoluminescence and X-ray powder diffraction have been employed. The
information obtained has allowed standardization of the synthesis conditions of these doped QDs and the
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Introduction

Semiconductor nanocrystals or quantum dots (QDs) have
attracted special attention over the last decade due to their
exceptional optoelectronic properties.”” Their unique features
are determined by the change of the energy level structure of
such materials at the nanometer size scale and are also defined
by the core composition of the nanoparticle (comprising
elements from the periodic groups II-VI, III-V or IV-VI) and its
shape. Thus, the achieved tunability of band-edge emissions
can be explained in terms of the nanoparticles’ quantum
confinement effects."**

Bhargava and Gallagher proposed, in a pioneering work, an
alternative approach to further modulate the optoelectronic and
magnetic characteristics of QDs.® This approach consists of the
addition of metal impurities during the nanoparticle synthesis
to obtain doped quantum dots (d-dots).® In order to ensure an
effective dopant process, the metallic impurities must be care-
fully chosen; particularly, their size and valence state must be in

Department of Physical and Analytical Chemistry, University of Oviedo, Avda, Julian
Claveria 8, 33006, Oviedo, Spain. E-mail: j afe [ovi.es;
+34 985102970

T Electronic supplementary information (ESI) available: Rietveld refinement
parameters and plot for each sample are summarized in Fig. S1-S4 and Table
S1. See DOI: 10.1039/c3nr02422a

iovi.es; Tel:

9156 | Nanoscale, 2013, 5, 9156-9161

identification and quantification of the crystal phases obtained under different synthesis conditions.

accordance with the selected host material.”® Only a small
fraction of the impurities added during the synthesis will be
finally incorporated within the nanocrystal structure, but they
modify the optoelectronic properties of the obtained doped
quantum dots depending on the dopant selected.*®

In particular, ZnS nanoparticles are widely employed as a
host material to synthesize d-dots because of its high charac-
teristic energy band-gap (3.6 eV). Different transition metals or
rare earth ions have also been evaluated as impurities.'* For
instance, Mn*" is one of the most extensively used dopant metal
because its luminescence emission is size-independent.
However, several authors have pointed out that such lumines-
cence is affected by the structural environment of Mn>" ions.**!
The emission of Mn**-doped QDs is centred around 590 nm and
corresponds to a tetrahedral coordination of the ion.*>** After d-
dot excitation, an exciton (an electron-hole pair) is generated in
the host levels. If some of the delocalized electrons from these
excitons can reach Mn** atoms, the deactivation process occurs
through the well-known d-d transition of manganese, “T;-°A,.
As this transition is spin forbidden, d-dots show a delayed
luminescence emission that features typical phosphorescence
emissions (e.g. millisecond lifetimes and wide separation
between excitation and emission wavelengths).****

So far, Mn:ZnS quantum dots have demonstrated excellent
optical emission characteristics to be employed in (bio)chem-
ical analysis. In this vein, Mn:ZnS QDs have been used for

This journal is © The Royal Society of Chemistry 2013

125



Published on 16 July 2013. Downloaded by Access provided by HZG Library on 18/10/2013 10:05:25.

RESULTADOS Y DISCUSION

monitoring environmental pollutants based on direct
sensing'*"” or after NP immobilization on solid supports.
They have been also applied as probes for the detection of
drugs,”*?? proteins® and important biomarkers.>** In addition
to the inherent advantages of phosphorescence emission (e.g.:
the long emission wavelength and the larger value of the excited
state lifetime of the phosphorescence phenomena simplify the
design of robust and inexpensive instrumentation based on
decay time measurements), Mn:ZnS QDs are also suitable for
use in bioimaging applications because these nanoparticles are
cadmium free, and therefore, are less toxic compared to the
well-known CdSe based QDs.>"?*

However, although considerable progress has been made in
the controlled synthesis of such type of doped-QDs, further
studies are needed to understand the crystallite core structure,
and the effect of Mn** concentration on the optical properties of
such nanocrystals. In fact, it is known that the number of
dopant ions per nanocrystal particle may produce changes in
the observed optical properties of the QDs.** This type of
information is needed in order to standardize such RTP
synthesis processes of nanoparticles, and to characterise their
crystal structure along with the elemental stoichiometry within
the nanoparticle. These goals are of critical importance to
improve further the present applications of such interesting
metal-doped nanoparticles in bioanalysis.*

In this context, here we report the effect of the concentration
of manganese added during the QD synthesis over the spec-
troscopic and crystallographic properties of the resulting Mn?>'-
doped ZnS QDs. The synthesised ZnS QDs doped with
increasing amounts of Mn** jons were further investigated to
characterise their optical and structural properties using
Phosphorescence Emission Spectroscopy and X-ray powder
diffraction (XRD). Other important parameters such as the
colour and aqueous solubility of QDs have also been evaluated
as a function of the Mn*" content.

18-20

Experimental
Reagents

All chemical reagents used were of analytical-reagent grade and
used as received, without any further purification.

Zinc chloride dihydrate, manganese chloride tetrahydrate and
L-cysteine hydrochloride monohydrate were purchased from
MERK (Darmstadt, Germany). Sodium sulfide nonahydrate and
sodium hydroxide were obtained from Sigma-Aldrich (Milwau-
kee, WIS, USA).

De-ionized Milli-Q water was employed in the preparation of
all solutions.

Experimental procedures

Preparation of doped and non-doped nanoparticles. Mn*'-
doped and non-doped ZnS quantum dots were synthesized in
our laboratory via the procedure described by He et al.** with
some slight modifications. Briefly, L-cysteine used as a capping
agent and Zn*' and Mn*' precursors (ZnCl, and MnCl,,
respectively) were mixed in a beaker, and the pH was adjusted to

This journal is © The Royal Society of Chemistry 2013
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11 using 1 M NaOH. The reactant mixture was placed in a three-
necked flask and stirred vigorously for 30 minutes under an
argon atmosphere. Then, Na,S solution was swiftly injected into
the three-necked flask to allow nucleation of the nanoparticles
for 20 minutes at room temperature with continuous stirring.
Afterwards, the solution was aged at 50 °C under an air atmo-
sphere for 2 h in order to improve the quality of the L-cysteine
capped Mn*"-doped ZnS QDs. The non-doped ZnS QDs were
synthesized following the same experimental procedure, but
without the addition of MnCl,. The purification process was
carried out by precipitation of the nanoparticles with ethanol in
a centrifuge at 5000 rpm for 5 minutes (the procedure was
repeated 3 times). Finally, the QDs were dried under vacuum
and stored under an inert argon atmosphere as a solid powder.

Six powder samples have been synthesized, non-doped ZnS
QDs and Mn**-doped ZnS QDs containing Mn** concentrations
were in the range from 0 to 15% (percentage of Mn to Zn atomic
ratio).

Phosphorescence = measurements.  Photoluminescence
spectra from the synthesized nanoparticles were recorded using
a Varian Cary Eclipse (Varian Iberica) luminescence spectro-
photometer equipped with a xenon discharge lamp. All
measurements were carried out using conventional 1 cm quartz
luminescence cuvettes (Hellma, Germany).

The following general procedure was used to evaluate the
phosphorescence emission of the QDs at room temperature. The
aqueous samples containing colloidal QDs doped with different
manganese concentrations (0, 1, 3, 5 and 10 at.% Mn*") were
dissolved in ultrapure water to get a final concentration of 150 mg
L~'. The emission spectra were recorded upon excitation at
300 nm and under RTP conditions, with a delay time of 0.1
milliseconds and a gate time of 2 ms, and excitation and emis-
sion slit widths of 10 nm. All measurements were made at a
constant temperature (20 °C) and atmospheric pressure.

Phosphorescence decay curves of different Mn**-doped QDs
were also recorded using fixed excitation and emission wave-
lengths of 300 and 590 nm respectively, and a delay and gate
time of 0.1 ms. Collected data were fitted to a double expo-
nential function and two lifetime components were obtained
from the data.

XRD measurements and data evaluation. X-ray powder
diffraction measurements were performed using a D8 Advance
diffractometer (Bruker AXS, Karlsruhe, Germany) with a goni-
ometer radius of 250 mm equipped with a LynxEye PSD
detector, a 0.6 mm divergence slit, 2.5° primary and secondary
Soller slits and a Ni K8 filter. The powder samples were placed
on a flat amorphous silica sample holder. XRD patterns from
10° to 70° 26 were recorded at room temperature using CuKo
radiation (A = 1.5418 A) under the following measurement
conditions: a tube voltage of 40 kV, tube current of 40 mA, fast
PSD scan mode with a step size of 0.03° 26 and a counting time
of 1 s per step.

The XRD pattern evaluation and phase identification were
performed using DIFFRAC.EVA (Bruker AXS, Karlsruhe, Ger-
many). The quantitative analysis of the crystal phases present
on each sample was performed using the Rietveld method as
implemented in TOPAS 4.2 (Bruker AXS, Karlsruhe, Germany). A

Nanoscale, 2013, 5, 9156-9161 | 9157
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fundamental parameter approach was employed for the sepa-
rate calculation of the instrumental and sample inherent
contributions to the X-ray diffraction peak profiles. The back-
ground was fitted to a Chebyshev function of 7 terms. In the first
stage, the microstructure of the two phases was refined for each
dataset using the le Bail full pattern decomposition method.
The starting structure models for Rietveld refinement were
adopted from the literature, and fixed isotropic temperature
factors were introduced in all the models. A spherical
harmonics model was used to deal with the correction for
preferred orientation. The best quantitative phase analysis
result reproducibility was obtained when 26 ranges from 22° to
42° were included in the final stage of the refinement. The final
Rietveld refinement parameters and plot for each sample are
summarized in the ESI (Fig. S1-S4 and Table S1).}

ICP-MS analysis. Inductively Coupled Plasma Mass Spec-
trometry (ICP-MS) measurements were carried out in order to
register elemental compositions of nanoparticles. Thus, these
measurements were performed on a high resolution double
focusing ICP-MS Element 2 (Thermo Scientific, Bremen, Ger-
many). The sample preparation for final ICP-MS measurements
consisted of the digestion of solid samples with 1 mL of sub
boiled nitric acid-hydrogen peroxide 4 : 1 v/v and dilution with
ultrapure water to 50 mL. Prior to ICP-MS measurements the
digested samples were further diluted with 1% v/v sub boiled
nitric acid employing Ga as the internal standard.

Results and discussion

It is known that the quality of the nanoparticles depends on the
synthetic route.** In particular, the initial concentration of
manganese ions used for the synthesis of Mn>"-doped ZnS QDs
might have a great influence on the surface, subsurface and
core regions of the obtained nanocrystals, affecting both, the
luminescence efficiency and deactivation processes.'***

Therefore, a study was conducted by synthesising different
doped nanoparticles following the general procedure but
increasing the amount of Mn*" used in the precursor mixture.
Along the manuscript, the level of the Mn>" dopant used for the
synthesis is always referred to the Mn:Zn ratio of the precursors
(atom%). Assayed Mn>* concentrations were in the range from
0 to 15% (atoms relating to Zn).

Effect of Mn>* concentration on the yield of synthesis and on
the physical properties of doped-QDs

Once the synthesis was carried out, it was observed that some
visual physical properties, including the mass of the powder
obtained and its colour, were different for each sample. For
instance, the mass of d-dots obtained by varying the Mn**
concentration used in the synthesis from 0 up to 15% changed
noticeably (the moles of Zn and S precursors were maintained
constant). Results showed that nanoparticles with higher
concentrations of Mn>" gave rise to a larger mass of d-dots.
Moreover, as can be seen in the images shown in Fig. 1, the
colour of the solid powder obtained was greatly altered by
increasing the Mn>" percentage: the observed powder colour

9158 | Nanoscale, 2013, 5, 9156-9161
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a) b)

Fig. 1 Images of solid powders obtained after synthesis of Mn:ZnS QDs using
Mn%* doping concentrations of (a) 3% and (b) 10%.

became darker as the amount of Mn** incorporated as the
dopant was higher. These phenomena might be related to
changes in the composition of the samples and will be dis-
cussed later.

Such visible and prominent changes, however, evidenced
that some other physical and/or optical properties might be
affected by increasing the concentration of Mn*" ions used in
the synthesis. For instance, the water solubility of the d-dots
decreased when Mn>" levels used during the synthesis were
higher than 5%. It was observed that the solubility of Mn:ZnS
QDs synthesised using 10% of Mn** was significantly lower and,
the nanoparticles obtained were almost insoluble when the
Mn>" level in the precursor mixture was 15% (thus, hampering
any future bioanalytical application of such nanomaterials).

XRD characterization of the Mn:ZnS QDs

In order to get a deeper insight into the effect of the concen-
tration of Mn*" in the final nanostructure of the synthesized d-
dots, X-ray diffraction (XRD) measurements of non-doped and
Mn**-doped ZnS QDs were performed.

The XRD patterns of the studied samples (Fig. 2) exhibited
broad peaks typical of nanosized materials. The diffraction
peaks present for the 0 and 1% Mn:ZnS QD samples corre-
sponded to the pattern of the cubic zinc-blende (JCPDS no.
05-0566). However, when the Mn:Zn molar ratio of the precur-
sors is higher than 1% new diffraction peaks appear which do
not correspond to that phase. Moreover, the intensity of this
secondary structure or impurity increases with the concentra-
tion of Mn*'. These emerging peaks can be identified as those of
the mixed oxide of zinc and manganese, ZnMn,0,, hetaerolite
(JCPDS no 24-1133). Fig. 3 shows the diffraction patterns of the
10% Mn:ZnS QD sample. In this figure, peaks corresponding to
both phases, zinc-blende and hetaerolite, can be -clearly
observed.

The quantitative analysis of the crystal phases present in
each sample was performed using the Rietveld method as
implemented in TOPAS 4.2 (Bruker AXS, Karlsruhe, Germany).
The details of the analysis are given in the Experimental section
and the fittings are shown in the ESL7

The results of the quantitative phase analysis of different
QDs obtained by Rietveld refinements are given in Table 1. The
values reported here represent the relative amounts of crys-
talline phases normalized to 100%. Although in the case of

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 XRD pattern evolution of Mn:ZnS QDs doped with different manganese
concentrations (at.%). The vertical lines denote the diffraction peaks of ZnS with
the cubic zinc blende structure (JCPDS no. 05-0566).
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Fig. 3 XRD pattern of doped ZnS QDs (synthesised using 10 at.% Mn?*). The
blue and pink vertical lines indicate the diffraction peak characteristics of the
cubic blende and hetaerolite structure, respectively.

QDs obtained using lower concentrations of metal dopant in
the synthesis, the main component of the sample is the
blende, the presence of a second phase corresponding to
hetaerolite is clearly distinguished as the percentage of Mn**
used during nanocrystal synthesis increases (as can be seen in
Table 1). In fact, when the Mn:Zn molar ratio used in the
synthesis is 10%, the secondary phase of hetaerolite reaches
44% of the sample.

This journal is © The Royal Society of Chemistry 2013
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Table 1 Relative amounts of crystalline phases in the nanomaterials calculated
from XRD data depending on the % of manganese used in the synthesis

Atom % Mn % Blende % Hetaerolite
0 100 —

1 98.30 + 0.32 1.70 + 0.32
3 91.94 £+ 0.51 8.06 + 0.51
5 85.50 £+ 0.12 14.50 £+ 0.12
10 55.80 £+ 0.76 44.20 + 0.40

Effect of Mn®* concentration on the photoluminescence
emission of the doped-QDs

On one hand, the amount of Mn>" used in the synthesis might
lead to completely different luminescence quantum yields, as
dopant Mn ions would create intermediate energy states below
the excitonic states of ZnS nanocrystals, thus changing the
photophysical relaxation process.*® Therefore, it was decided to
assess the effect of the concentration of Mn>" on the lumines-
cence properties of the Mn:ZnS QDs.

For this study, aliquots of 1.5 mg of each solid (synthesized
nanoparticles) were dissolved in Milli-Q water to obtain
aqueous solutions with the same final nanoparticle concentra-
tion (150 pg of nanoparticles per mL). As aforementioned, the
use of Mn** as the dopant ion gives rise to a phosphorescence-
type emission centered around 590 nm due to a Mn** d-d
transition. The luminescence emission of different solutions
was then collected under room temperature phosphorescence
(RTP) measurement conditions.

As shown in Fig. 4a, significant changes in the lumines-
cence emission intensity from the samples were observed
when varying Mn:Zn molar ratios were used during the
synthesis. Such an experimental behaviour could evidence that
the presence of the hetaerolite impurity, observed for high
values of Mn*" concentration in the sample, implies that the
manganese incorporated in the d-dots must be lower than
expected. Therefore, the RTP spectra were normalized (in
intensities) according to the amount of the blende phase
calculated by XRD measurements in the final nanomaterial
(Mn**-doped QDs).

As expected, the nanoparticles obtained without Mn**
dopant ions did not show detectable phosphorescence emis-
sion. Moreover, in the doped NPs the intensity of the phos-
phorescence emission initially increases with the increase of
the Mn** levels used in the synthesis (Fig. 4b), probably as a
result of a higher incorporation of the Mn dopant ions in the QD
structure. It was also observed that the RTP peak position is
independent of the manganese concentration.

The low luminescence emission intensity observed for low
doping concentrations (1 at.% Mn>") reflects that the amount of
Mn*" ions incorporated in the ZnS QD nanocrystal structures
was not enough to ensure an efficient energy transfer from the
ZnS host to dopant ions.** Conversely, emission intensity is
much higher for nanocrystals obtained from 3 or 5 at.% Mn>" as
compared to those synthesized using 10% Mn?>".

In order to find an explanation to such a change in the trend,
Mn?" levels incorporated in the nanomaterial were determined

Nanoscale, 2013, 5, 9156-9161 | 9159
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Fig.4 Photoluminescence from Mn:ZnS QDs obtained with increased concentrations of Mn?* (a) RTP emission spectra. The emission intensities have been normalized
as a function of the amount of the blende phase contained in each sample. (b) Relative luminescence intensity values.

by the ICP-MS analysis of the synthesized NPs. It was found that
the final amount of manganese in the solid was higher for those
samples synthesized using 10% initial Mn*" (16.7 at.% was
found in the final solid) as compared to those synthesized using
a 3% of Mn>" (3.4 at.% was measured in the obtained solid).
From such experimental results, it could be assumed that the
Mn dopant ions are expelled from the QDs at high doping
levels.?* As described before, a second nanocrystal phase is
obtained (ZnMn,O,) for high Mn levels. Thus, although the
Mn** levels were higher in the solid nanomaterial resulting
from the 10 at.% Mn (as seen by ICP-MS measurements), the
percentage of the Mn dopant ions in the quantum dots (i.e. in
the ZnS nanocrystal blende phase) is reduced in such nano-
materials. This could explain, in part, the low emission inten-
sities found for the ZnS QDs doped with 10 at.% Mn.

Moreover, such high concentration of dopants could facili-
tate energy transfer from manganese dopant ions to other
identical ions, resulting in a decrease of the luminescence. Both
effects, the expelling of manganese from the ZnS-blende phase
(resulting in the second nanocrystal phase) and the Mn-Mn
recombination processes, could explain that the increase in
manganese concentration above a certain value leads to the
observed reduction in RTP emission intensity.*®

On the other hand, it is well known that the luminescence
lifetime is a parameter that is almost unaffected by the
concentration of the luminophore and so we have also carried
out lifetime measurements of the different d-dots synthesized.
Obtained results are provided in Table 2.

The decay curves have been fitted using a double exponential
time course, with two components, the first one within the

Table 2 Lifetimes of Mn?* (1-10 at.%) doped ZnS quantum dots

Atom % Mn 7, (ms) 7, (ms)

1 0.23 £ 0.10 1.96 + 0.05
3 0.31 £ 0.10 2.01 £ 0.05
5 0.29 £ 0.10 1.99 £ 0.05
10 0.39 £ 0.10 2.59 £ 0.20

9160 | Nanoscale, 2013, 5, 9156-9161

range of 0.3 ms and the second one around 2 ms. The deacti-
vation curve has been also registered for non-doped QDs but
their data could not be fitted because of the absence of phos-
phorescence emission at 590 nm.

For doped QDs, the first lifetime component has been
attributed to different processes like fluorescent deactivation of
the ZnS host or to surface-exposed Mn”* ions.'>#7% The second
slowest component is related to the emission via dopant energy
levels. The energy levels, introduced by Mn in ZnS nano-
particles, result in the d-d transition *T;-°A;, which is a
forbidden transition by spin selection rules and its probability
is very low, thus resulting in long lifetimes as observed in the
second slowest component. This process depends on the
homogeneous distribution of the metal dopant within the
nanocrystal structure due to the fact that the efficiency of
emission in doped QDs is related to spatial confinement of the
exciton in the same local environment as that of the dopants.*

However, although the second lifetime component could be
attributed to Mn?" deactivation, it can be observed that there is
no correlation between the d-dots showing higher phospho-
rescent lifetime (7,) and the doped QDs that show higher
phosphorescence intensity. All d-dots have lifetime values on a
similar order of magnitude, so this parameter remained unal-
tered independent of the nanoparticle concentration of each
sample as we have mentioned before.

Conclusions

Overall, the obtained data indicate that Mn:ZnS nanoparticles,
synthesized using an initial Mn:Zn molar ratio between 3% and
5%, exhibit the best luminescent properties in terms of long
phosphorescent lifetime and high emission intensity, better
aqueous solubility and higher crystallinity.

However, further increase of the Mn doping concentration
had no positive effects on the RTP intensity of the Mn**-doped
ZnS nanocrystals. In fact, higher metal-dopant concentrations
produce a significant quenching of the luminescence emission
of the nanocrystals. Actually, Mn:ZnS QDs synthesized using
10% or higher Mn?>" levels present poorer solubility and dark
colour of the solid material.

This journal is © The Royal Society of Chemistry 2013
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XRD experiments showed that different concentrations of
the metal-dopant used during the QD synthesis produce
nanomaterials containing different nanostructures. One of
them corresponds to the expected doped quantum dots
(d-dots), the doping level depending on the concentration of
dopant ions in the synthesis. The other one seems to be an
impurity, with a different nanocrystal phase, generated by the
excess of dopant ions during the synthesis process.

The knowledge about the effect of Mn** on the optical and
crystallographic characteristics of the Mn:ZnS QDs would allow
standardization of synthesis processes. Moreover, such infor-
mation is critical to assess the elemental stoichiometry of the
metals within the nanoparticle core, which is of key importance
to improve further applications of these metal-doped nano-
particles as elemental and molecular labels in bioanalysis.
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Supplementary table

Table S1. Rietveld refinement details for samples synthesized using 0, 1, 3, 5 and 10 at.
% of dopant manganese (parameters as defined in Topas, Bruker AXS, Karlsruhe,

Germany).

Sample 0% Mn 1% Mn 3% Mn 5% Mn 10 % Mn

Rexp (%0) 2.03 1.72 1.73 1.73 1.69

Rp (%) 7.83 2.03 2.12 242 1.90

Rwp (%) 10.16 2.50 2.60 2.93 2.39

GOF 5.00 145 1.50 1.70 1.42

R-Bragg blende 2.701 0.078 0.106 0.130 0.083

R-Bragg hetaerolite -- 1.286 0.917 0.852 0.575
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Abstract

Results from the synthesis and comprehensive (spectroscopic and morphological)
characterization of quantum dots with a core of ZnS doped with manganese (Mn:ZnS
QDs) and coated with a layer of cysteine, which makes the nanoparticles soluble in water
media, are presented here. The quantum dots synthesized exhibit an intense and highly
stable phosphorescent emission, even in aqueous media and without the need of
deoxygenation of the sample. The phosphorescence-type emission detected could be
attributed to the incorporation of manganese in the structure of the nanocrystal, so
favoring radiational deactivation of the energy of nanoparticles excited through the
energy levels of the metal, observing the corresponding transition emission “T;—°Aof
manganese.

In order to control and optimize the processes of synthesis of nanoparticles and to
allow for an exhaustive characterization, essential to be able to be used in quantitative
bioanalytical applications, complementary analytical techniques such as UV-VIS,
photoluminescence, absorption spectrometry, electron and probe microscopy, X-Ray
diffraction, high performance liquid chromatography and inductively coupled mass
spectrometry (ICP-MS), that provides elemental quantitative information, have been
employed.

The information obtained through the complementary techniques used allowed us to
estimate the performance of the reaction of synthesis of nanoparticles, the distribution of
elements within the nanocrystal structure, the number of metal atoms embedded in the
structure of the quantum dot, the concentration of nanoparticles in a given sample
(number of nanoparticles in a given volume) and the number of cysteine molecules
coating a single quantum dot (stoichiometry ligand-nanoparticle). This information is of
a high value to further use these nanocrystals as luminescent markers in quantitative

bioanalytical applications.

KEYWORDS: doped Quantum Dots; d-dots; Nanoparticle characterization; Phosphorescence,

elemental analysis, concentration
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1. Introduction

Recent advances in nanotechnology allowed the synthesis of high-quality nanomaterials
with exceptional properties, which could be used in a wide variety of improved
applications and devices. In this context, colloidal metal semiconductor nanomaterials,
known as Quantum Dots (QDs), have received great attention during the last decades
because of their unique size-tunable optical advantageous properties. Due to their reduced
nanocrystal dimensions, that are smaller than the exciton diameter, quantum confinement
effects appear. This could explains the special photophysical properties of the QDs [1-3],
including broad absorption spectra, long photoluminescence lifetimes, narrow and
symmetric intense emission bands and high photostability.

Moreover, the incorporation of metal impurities into the nanoparticle host resulted
to be a highly interesting approach in order to obtain metal doped quantum dots (d-dots)
as an alternative to modify the optical, electrical, and magnetic properties of the
nanocrystals [4,5]. In 1994, in one of the pioneer articles on such topic, Bhargava et al
reported the properties of doped QDs with high luminescence efficiencies. At that time,
these novel nanomaterials were considered as a new class of luminescent materials [6].
The most common d-dots are constituted by nanocrystaline II-VI semiconductors as host
lattice, mainly ZnS, ZnSe and CdS since they offer a wide band-gap (3.6, 2.69 and 2,49
eV, respectively). Transition metals, such as Mn?*, Cu®>" or Co?", and rare-earth ions
including Tb**, Eu** and Er’', are employed as dopant impurities [7,8]. The critical
parameters that must be control to ensure an effective dopant process during the synthesis
are the dopant location, concentration and oxidation state.

Among other, ZnS quantum dots are emerging as a biocompatible and
environmentally-friendly alternative to traditional cadmium based quantum dots. The
emission of these nanocrystals is size independent but dopant dependent [7,9]. So, the
addition of manganese ions to ZnS host provide dopant energy levels in the
semiconductor band-gap, allowing that, after the excitation of the nanocrystals, the
deactivation process occurs through dopant energy levels. The characteristic orange
emission is obtained from the Mn?" #T;-°A; transition, centered at 590 nm. Moreover,
since this is a forbidden transition, long lifetimes of the order of milliseconds are typical
of Mn doped QDs [10-12]. These features, typically offered by phosphorescent
compounds, make that QDs can be employed as a new class of phosphorescent labels for

chemical analysis and biomedical uses [13-14].
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It is increasingly recognized that the information about the nanoparticles (whether
free or functionalized), their properties and their quality -whatever the final use of the
NPs- should be ensured for improve their intended applications. Thus, many efforts are
been required for getting well-controlled synthesis process and an adequate and
comprehensive characterization of their physicochemical properties [15-17]. In this
sense, multi-technique analysis involving microscopy, scattering, UV-Vis, luminescence
and mass spectroscopy and chromatographic separations are usually applied to the NP
characterization since they give reliable information about nanoparticle composition, size
and structure, surface modifications, optical and magnetic properties and stability among
others. [15,17-19]. Moreover, information provided by the NPs characterization may
minimize the risks associated with environmental, health and safety (EHS) aspects, an
important issue nowadays [19-21].

In this paper, Mn doped ZnS quantum dots capped with L-cysteine have been synthesized
and their properties have been studied. In order to establish the effect of the presence of
manganese ions on the nanoparticles obtained, their optical properties have been critically
studied and compared with those from non-doped nanocrystals. Moreover, the size, shape
and morphological structure of d-dots have been investigated. Elemental composition of
Mn:ZnS QDs have been studied using different techniques such as inductively coupled
plasma mass spectrometry (ICP MS), In addition, research has been focused in
determining quantitatively the amount of L-cysteine attached to the surface of
nanoparticles. Finally, the combination of the QD information leads to estimate the
concentration of nanocrystals in solution, a key parameter for developing reliable
quantitative applications of the quantum dots, particularly those related to bioanalysis

[22].

2. Results and Discussion
2.1 Optical properties of Mn2*-doped ZnS quantum dots.

The UV-VIS and photoluminescence spectra of the L-cysteine capped Mn:ZnS QDs
synthesised in the laboratory are shown in Figure 1. Fluorescence spectra of the

corresponding non-doped and doped ZnS QDs are also shown in Fig S1 of ESI.
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The UV-visible absorption spectra of an aqueous solution containing Mn?*-doped
ZnS QDs has an absorption band with a band peak centred at 290 nm, which can be
attributed to the characteristic absorption band edge on the ZnS nanoparticle core (see Fig
1.).

The photoluminescence spectra of the synthesised d-dots were collected ensuring
phosphorescence conditions (with a delay time of 0.1 ms and a gate time of 2.0 ms). As
shown in Fig 1(black line), the emission band observed for Mn:ZnS QDs is centered on
590 nm and it is attributed to well-known Mn?" d-d transition, “T1-%A.

The deactivation process occurs via an energy transfer to Mn?" and the efficiency
of this transition depends on the uniform distribution of the dopant ion within the ZnS
host [12]. In addition, as this transition is spin forbidden, high quantum efficiencies and
long luminescent lifetimes are achieved. In fact, decay curves of phosphorescence
emission of d-dots were also collected and two lifetime components were obtained, a
short one in the range of 0.3 ms and the long component with a lifetime of around 2.1 ms.
This is in agreement with Chung et a/ [23] that reported Mn:ZnS quantum dots that can
show several lifetimes associated to defect-related ZnS host (nanoseconds) and exterior
and interior Mn?" ions (lower than 1 millisecond and around 2 ms, respectively).

As expected, this phosphorescence-type emission band, observed for the Mn:ZnS
QDs, did not appear for non-doped QDs confirming that energy levels of the manganese
are within the band-gap of the semiconductor host. Fluorescence spectra of the
corresponding non-doped ZnS QDs (see Fig. S1) showed typical blue emission band at
420 nm, nevertheless this emission has not been found for doped nanocrystals indicating
that Mn?" ions have been successfully incorporated within ZnS host.

Luminescence properties of the NPs could be sensitive to some physicochemical
parameters of the microenvironment. Therefore an study was performed trying to evaluate
the effect, on the luminescence of the Mn:ZnS of variations in several parameters that
typically affect strongly the molecular phosphorescence [24]. Among others, the presence
of oxygen, heavy atoms or rigid environments have been evaluated. The emission of
Mn:ZnS QDs in presence of sodium sulphite as oxygen scavenger (up to 20 mM) have
been registered. No changes were observed in term of phosphorescent intensity and
luminescent lifetimes. The addition of salts containing high concentrations of bromine or
iodine (1.2 M) as heavy atoms or the presence of surfactants (at levels above their critical
micellar concentrations) in the media, might produce any enhancement of optical

properties of doped quantum dots. Conversely, obtained results reveal that solutions
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containing QDs aggregates were observed in presence of high concentrations of heavy
atoms and surfactants.

The characteristic behaviour observed for Mn:ZnS QDs in presence of species
typically affect phosphors could be explain because nanoparticles possess discrete energy
levels confined to a small volume while conventional organic phosphorescent molecules
have molecular energy levels which are more susceptible to be disturbed by these factors.

The pH of the aqueous solution is also a relevant feature that might affect the
spectroscopic properties of doped quantum dots. For evaluating the influence of this
parameter, Mn:ZnS QDs was dissolved in buffer solutions of different pHs. Results are
showed in Fig. 2. Solutions in acid media (5.5 and 6.5) present a reduction on the emission
intensities in comparison with alkaline media. Indeed, the phosphorescence emission of
d-dots in pHs between 7.4 and 10 barely exhibit remarkable differences. The major
emission intensity was observed for nanoparticles solubilized in solution buffer of pH 12.
These results may be explained attending to the protonation/deprotonation processes of
functional end groups in the surrounding of surface ligands (the pKa of carboxylic and
amino group are 2.05 and 10.25, respectively). In fact, it has been observed colloidal
stability of d-dots increase when nanocrystals are solubilized in alkaline buffers [25,26].
At low pH values, short-term stability (a week) was observed and nanoparticle aggregates
were generated after a week probably due to the desorption of surface ligands [27].

At acidic pH media (5.5), solutions containing Mn:ZnS QDs exhibit a positive and
high value Z-potential (+24 mV) confirming the presence of positive charges on the
surface of the QDs, due to the protonation of the amine group of the L-cystein molecules
used to modify the QDs surface in order to provide water-solubilization. Moreover, such
high Z-potential value certifies the high stability of the d-dots in colloidal aqueous
solutions.

It is known that the exposure of colloidal QDs to UV or visible light is an important
role to get an enhancement of the photoluminescence properties of the nanocrystals. The
process allows the elimination of topological surface defects thus reducing the number of
surface traps sites for non-radiative recombinations [28,29]. Therefore, we considered the
evaluation of the photostability of Mn:ZnS QDs. No remarkable changes on the
phosphorescent signal were observed upon d-dots exposition to both sunlight and UV
light (290 nm). These results indicate that the annealing performed during the synthesis

process gets an improvement in the quality of the nanoparticles obtained.
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2.3 Structural analysis of the Mn-doped ZnS quantum dots

The structural analysis of the nanoparticles was performed using X-ray powder
diffraction (XRD) and Fourier transform infrared measurements (FTIR).

X-ray powder diffraction patterns of non-doped and doped quantum dots are shown
in Fig. 3 (a). The characteristic broadening of the diffraction peaks is due to the small size
of the nanocrystals obtained. The (111), (220), and (311) planes are indexed and showed
the pattern of the cubic zinc-blende (JCPDS No. 05-0566). Although the level of doping
did not change the lattice structure of host ZnS nanocrystals (the lattice parameter a=0,540
nm is the same as the value from the standard card 0.546 nm), a low percentage of
diffraction peaks from an impurity were detected in the sample and it is corresponded to
hetaerolite -ZnMn2Os- (JCPDS No 24-1133). The contribution of each crystal phase was
calculated using Rietveld refinements and the main component of d-dots is blende (91.94
%) while the impurity only represent an 8.06 %.

Moreover, the average size of the nanocrystals was calculated using the Rietveld
method which take account the type of sample and instrumental parameters. As it can be
observed, the mean crystalline size of Mn:ZnS QDs is approximately 2.3 nm. This value
is in good agreement with TEM measurements because XRD is only sensitive to the
crystalline core size and detects the size of defect-free domains [30].

A proper QD surface modification is critical because capping ligands provide QD
physical and chemical stability and may act as a platform for further modifications in the
developing of bioanalytical applications. In this study, L-Cysteine was selected as a
surface ligand, because it is an amino acid biologically compatible, with acid character
(providing water solubility to the nanoparticle) and could provide appropriate functional
groups enabling the capability to further attach appropriate biomolecules to the
nanoparticle.

Hence, in order to confirm the bond between L-Cysteine and QDs and evaluate the
orientation of L-cysteine molecules, the FTIR spectra of the as prepared Mn:ZnS
nanocrystals and L-cysteine ligands were recorded and are shown in Fig. 3(b). On
comparison of both spectra, the characteristic stretching band of SH group (2540 cm™)
was only observed in the amino acid molecule. The absence of SH band in d-dots spectra
confirms the formation of bonds between functional thiol group and the surface of ZnS.
Thus, the amino and carboxylic groups of L-cysteine are extended away from the QD

rendering water solubility to the NP and remaining free for further modifications [8].
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Indeed, other coexisting bands were found for both, L-cysteine and d-dots, although
remarkably C=O stretching vibration (1750 cm™') exhibit a slightly shift to lower
wavenumbers probably due to the conformation of capping ligands in the surface of
nanocrystal [31,32].

Another important parameter related to capping ligands is the long-term stability
after solid storage. The better storage conditions for our doped QDs as solid powder was
evaluated. It noticed that keeping d-dots under argon atmosphere and in absence of light
to preserve L-cysteine coating of surface oxidations that might affect their solubility

properties.

2.2 Morphology of Mn:ZnS QDs

The morphology of the nanoparticles was determined in terms of average particle size
and the particle shape using microscopic techniques, TEM and AFM.

Fig. 4(a) shows HR-TEM image of d-dots. It is noted that NPs have spherical in
shape, and smaller diameters (in the range of 3-4 nm). The SAED pattern presented in the
Fig 4(b) shows the crystallinity of the fabricated nanoparticles and it was indexed as
(111),(200), (220), and (311) planes of cubic ZnS-blende which is in well agreement with
the powder XRD. As a consequence of the drying step during sample preparation, some
TEM images interestingly revealed low density areas where individual NPs are
indistinguishable and the organic ligands (L-cysteine) are evidenced.

Atomic force microscopy (AFM) images confirmed the spherical shape of d-dots
and an average size of the nanoparticle that is in agreement to data obtained from HR-
TEM and XRD (see Fig S2 of ESI). So we can estimate that nanoparticle size is within
the range of 3.5 + 0.5 nm.

Moreover, the hydrodynamic diameter (Rn) of Mn:ZnS QDs in aqueous solution
was measured by DLS and compared with sizes obtained from TEM and AFM. The
average hydrodynamic diameter was 27 nm with a polydispersity index of 0.236. It should
be note that the diameter obtained differ from microscopic measurements because surface
ligands and weakly bound solvent molecules contribute to the hydrodynamic diameter
[33].

2.4 Elemental composition of Mn:ZnS QDs

Elemental composition of the synthesised nanoparticles was qualitatively and

quantitatively evaluated. For such purpose, X-ray energy-dispersive spectroscopy (EDS)
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analysis of the Mn-doped ZnS QDs provide us with some qualitative chemical
information about the elemental composition of the nanoparticles. As it can be observed
in Figure S3 of the ESI, the spectra obtained from EDS analysis of the nanoparticles
confirmed the presence of the nanoparticle core components, Mn, Zn and S. Indeed, C
and O — contained in ligands molecules — were also identified by this way.

Further, inductively coupled plasma mass spectrometry (ICP-MS) has been
employed to quantify the amount of Mn, Zn and S in powder Mn:ZnS QD samples.

Sample preparation for ICP-MS analysis must be carefully made because the
sulphur in the sample might be volatilized as sulphur oxide. Hence, three different
treatments for sample digestion were assessed. Acidic digestion allowed complete sample
dissolution. In our case, two different protocols were assayed, with or without microwave
assisted. Furthermore, an alkaline digestion assisted by microwave was also evaluated.
Results from the analysis of the same sample type, but digested following the three
different treatments are summarized in Table 1. High differences in the data obtained
were observed for S quantification (probably due to loses of such element as volatile
species during the sample digestion), however only slight differences were observed for
Zn determination using the three assayed methods. Thus, sample pretreatment for
measuring Zn contained in Mn:ZnS QDs by ICP-MS seems not to be critically.
Nevertheless, data obtained (Table 1) showed that sample pretreatment for Mn and S
analysis required microwave assisted digestion. Moreover, an alkaline medium is
necessary to preserve sulphur content in nanoparticles due to avoid sulphur losses as
volatile species in acid media.

The study of five samples of Mn:ZnS QDs have showed that the mass ratio Zn to
nanoparticle found was highly reproducible (38.1 % with a precision of 2.5 %).

As mentioned in the introduction section, the amount of dopant ion incorporated
within d-dot is an important parameter that may affect photochemical properties of doped
quantum dots [30]. For this purpose, the concentration of manganese into the ZnS host
(theoretical Mn/Zn ratio for QDs synthesis) was always adjusted at 3 % during the
synthesis process (3 % at. Mn:ZnS QDs ratio of the precursors). However, as expected,
analysis of the final obtained nanoparticles by ICP-MS resulted in a rather different
Mn:Zn doping concentration. The at. % Mn** found (independent of the sample digestion
process carried out) resulted higher than the initial ratio, around 4 + 1 at. % of Mn, and

demonstrates an incorporation of 98 % of manganese in the QDs.
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On the other hand, elemental analysis of the nanoparticles allowed the
determination of the total sulphur in the Mn:ZnS QDs sample, obtaining a value of 32%
in weight of S to nanoparticle. This value represents both, sulphur from the nanoparticle
host and the one from the capping L-cysteine.

Therefore, further studies were carried out to characterize the capping ligands
linked to the surface of nanoparticles (a very important parameter because capping
ligands allow developing new quantitative applications after bioconjugation to
appropriate analyte recognition molecules). Therefore, we have assessed the amount of
L-cysteine attached to QDs. For this purpose, a colorimetric assay previously reported by
Liu et al. [16] for effective quantification of adsorbed protein onto a nanomaterial was
selected. The amount of L-cysteine in colloidal solutions of Mn:ZnS QDs was determined
by the rapid and highly sensitive bicinchoninic acid (BCA) protein assay, with BSA as a
standard. Reproducible results can be observed in Table 2. Independently of QDs
concentration in solution, a relative ratio QDs:L-Cys (expressed in micromoles) 1:3 was

calculated.

2.4 Estimation of QD nanoparticle concentration

Expressing the concentration of nanoparticles in solution is one of the major problems in
nanotechnology. In this sense, there are several methods to estimate the concentration of
nanoparticles in solution but there is no agreement about what method must to be used
and commonly depends on the NP composition [22,34]. Actually, concentration of
Mn:ZnS QDs obtained as a powder have been expressed as amount of d-dots dissolve in
a volume of solution.

Nevertheless, a protocol has been proposed to estimate the number of nanoparticles
present in a given volume based on the data obtained after the characterization of Mn:ZnS
QDs by XRD and ICP-MS analysis [35,36].

From the X-ray diffraction pattern and Rietveld data treatment, the number of Zn
atoms present in a QD can be estimated. Both, the diameter of nanocrystal d and the lattice
parameter a were obtained after the indexing of the crystal phase as cubic-blende.
Assuming that quantum dots are spherical in shape and the Mn content in d-dots is
negligible, there will be 4 Zn atoms in a unit cell. So, the number of atoms in a unit cell
could be easily calculated by using Equation 1, which shows a result of 164 = 12 Zn atoms

per QDs.
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n2 (@) = (%) (1)
The amount of Zn in a model sample was measured by ICP-MS, and denoted as M
(ng). A 91.94 % of the sample is blende which implies that 97 % of Zn in the sample
comes from the quantum dot. The concentration of NP in the sample was calculated by

Equation 2:

Cops(pmol) = A B0 (2)

If ICP-MS measurements of Zn in Mn:ZnS QDs were not performed, our
experiments have demonstrated that the mass of Zn in powder QDs is corresponded to
0.37 %. Considering Y (ug) the amount of powder doped QDs, the concentration of NPs
might be calculated by Equation 3:

Yop (19)%0.37 X 0.97
nt xMZ*(g/mol)

3

So, as it is shown in Table 2, according to Equation 3, solution of 300 mg L-1 is

Cops(umol) =

corresponded to a concentration of 8 uM.

3. Materials and Methods
3.1. Reagents and solutions

All chemical reagents used were of analytical-reagent grade and used as received, without
any further purification. De-ionized ultrapure water (Milli-Q Advantage, Millipore) was
employed in all the experiments.

Zinc chloride dihydrate, manganese chloride tetrahydrate, L-cysteine
hydrochloride monohydrate, nitric acid and standard solutions of zinc, manganese sulphur
and gallium (1000 mg L) were obtained from MERK (Darmstadt, Germany). Sodium
sulfide nonahydrate and sodium hydroxide were obtained from Sigma-Aldrich
(Milwaukee, WIS, USA). BCA™ Protein Assay Kit was purchased from Thermo Fisher
Scientific (Rockford, IL, USA).

3.2 Synthesis of non-doped and doped ZnS quantum dots

Mn?* doped and non-doped ZnS quantum dots were prepared using the chemical
precipitation method reported previously by He et al. [37] with some slight modifications.
The molar ratio of Mn to Zn was set at an optimum concentration of 3 %. In the typical

synthesis procedure, 50 mL of 0.02 M L-cysteine (which acts as capping agent and
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solvent) were mixed with 5 mL of 0.1 M ZnCl, and 0.15 mL of 0.1 M MnCl,, and then,
pH was adjusted to 11 using NaOH 1 M. The solution was placed in a three-necked flask
and vigorously stirred for 30 minutes under argon for deoxygenation.

Then, 5 mL of 0.1 M Na,S solution was swiftly injected into the reaction vessel
and the solution was maintained for 20 minutes at room temperature and continuous
stirring allowing nanoparticles growth. Afterwards, the solution was aged at 50 °C under
air atmosphere for 2 h in order to improve the quality of the L-cysteine capped Mn?*-
doped ZnS QDs. The non-doped ZnS QDs were synthesized following the same
experimental procedure, but without the addition of manganese precursor.

Purification process was carried out by precipitation of the nanoparticles with
ethanol in a centrifuge at 5000 rpm for 5 minutes (the procedure was repeated for 3 times).
Finally, the QDs were dried under vacuum and stored under inert argon atmosphere as a
brown fine powder.

It should be considered that in our experiments, ZnCl, was selected as Mn**
precursors instead of ZnSO4 (that was used in ref 37) in order to avoid mistakes for

sulphur measurements in I[CP-MS.

3.3 Optical measurements

After solubilisation process, the optical measurements of the resulting water solubilised
QDs were made at room temperature and atmospheric pressure. All measurements were
carried out using quartz cuvettes (Hellma, Germany).

UV-Vis absorption spectra were measured on a Genesys 10S UV-Vis Thermo
Scientific spectrophotometer and photoluminescence spectra were recorded on a Varian
Cary Eclipse (Varian Iberica) luminescence spectrophotometer equipped with a xenon
discharge lamp. Fluorescence spectra were recorded using a fixed excitation wavelength
of 290 nm with both, excitation and emission slits widths of 10 nm. Phosphorescence
spectra were recorded upon excitation at 290 nm, using RTP conditions, with a delay time
of 0.1 milliseconds and a gate time of 2 ms, and slit widths set at 10 nm.

Phosphorescence decay curves of Mn?"-doped QDs were also carried out using
fixed excitation and emission wavelengths of 290 and 590 nm respectively, and both,
delay and gate time of 0.1 ms. Collected data were adjusted to a double exponential time

course and two lifetime components were obtained from data.
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3.4 Characterization

3.4.1 Microscopy images

The high-resolution TEM (HR-TEM) images and selected area electron diffraction
(SAED) patterns were collected on a JEOL JEM-2100F field emission transmission
electron microscope (Tokyo, Japan) operated at an accelerating voltage of 200 kV and
equipped with an ultrahigh-resolution pole piece that provided a point-resolution better
than 0.19 nm.

Samples were prepared by placing several drops of diluted QDs solution in
ultrapure water onto a carbon-coated copper TEM grids and then allowed to air-dry,
finally, SOLARUS 950 Advanced Plasma Cleaning System was used to clean samples
before loading in the microscope.

Microanalysis of the Mn:ZnS QDs was performed using scanning electron
microscope JEOL-6610LV (Tokyo, Japan) with accelerating voltage at SkV coupled with
energy-dispersive X-ray analyzer (SEM-EDX). Prior to the analysis, samples were coated
with a gold thin layer using a vaporization chamber SCD 004 Sputter Coater (Balzers,
Bal Tec AG, Furstentum, Lichtenstein) for 100 seconds to improve the electrical
conductivity of the sample.

Atomic force microscopy measurements were performed using atomic force
microscope (Nanotec Electronics, Madrid, Spain). Analysis were carried out in dynamic
mode (non-contact) using PointProbe Plus tips (Nanosensors, Neuchatel, Switzerland).
Samples were prepared by applying of a droplet of colloidal quantum dots (10 mg L of
aqueous solution of nanoparticles in ultrapure water) over silicon wafers and remaining
water was dried off. AFM images were analyzed using WSxM 5.0 software from Nanotec

Electronics.

3.4.2 X-ray powder diffraction

X-ray powder diffraction analysis was obtained on a D8 Advance diffractometer (Bruker
AXS, Karlsruhe, Germany) with a goniometer radius 250 mm equipped with a LynxEye
PSD detector, a 0.6 mm divergence slit, 2.5° primary and secondary Soller slits and a Ni
Ka filter. The samples were prepared by depositing QDs powder on a flat amorphous
silica sample holder. XRD patters from 10 to 70° 20 were recorded at room temperature

using CuKa radiation (A = 1.5418 A) with the following measurement conditions: tube
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voltage of 40 kV, tube current 40 mA, fast PSD scan mode with a step size of 0.03° 20
and a counting time of 1 s per step.

The XRD patterns evaluation and phase identification was performed using
DIFFRAC.EVA (Bruker AXS, Karlsruhe, Germany). Then, data analysis were performed
using the Rietveld method as implemented in TOPAS 4.2 (Bruker AXS, Karlsruhe,

Germany).

3.4.4 Fourier transform infrared (FTIR) spectroscopy

The characteristic FTIR absorption spectra of coating ligands (L-cysteine) and Mn:ZnS
QDs have been obtained using a Varian 670 IR FT-IR spectromete. Typical data have
been acquired within the spectral range of 4000 to 600 cm™. For our experiments, the

measurements have been done using attenuate total reflectance measurements.

3.4.5 Dynamic light scattering measurements

Zeta potential and hydrodynamic diameters of d-dots were perfomed at room temperature
using a Zetasizer Nano-ZS (Malvern Instruments Ltd., Worcestershire, United Kingdom)
equipped with a 633 nm laser filter. Zeta potential measurements were performed using
folded capillary cells (DTS1060). Samples were measured ensuring an acidic medium
and a solid concentration of 10 mg L. The hydrodynamic diameter measurements were

carried out of 10 mg L' QDs solutions in ultrapure water using disposable cuvettes.

3.4.6 Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) measurements were carried
out in order to register elemental compositions of nanoparticles. Thus, these
measurements were performed on a high resolution double focusing ICP-MS Element 2
(Thermo Scientific, Bremen, Germany).

Three different sample pretreatments were evaluated for ICP-MS measurements.
The acidic digestion of Mn:ZnS QDs consisted on the digestion of powder samples with
1 mL of subboiled nitric acid/hydrogen peroxide 1:3 v/v and dilution with ultrapure water
to 50 mL. Prior to ICP-MS measurements the digested samples were further diluted 1:10
with 1% v/v sub boiled nitric acid. The alkaline treatment, firstly reported by Sola et al.
[38], consisted on the digestion of powder nanoparticles with 8 mL of 25% tetramethyl
ammonium hydroxide (TMAH) and dilution with ultrapure water to 20 mL. For ICP-MS

analysis, samples were further diluted 1:10 with ultrapure water.
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In selected cases, microwave digestion was carried out in an Ethos One microwave
sample preparation system (Milestone SRL, Sorisole (BG) Italy.

The Zn, Mn and S concentration was determined using the 66, 55 and 34 isotope,
respectively. The internal standard used was Ga-71. All measurements were conducted in
triplicate.

On the other hand, the supernatant liquid phase was also collected containing any
excess of reagents and the ethanol used in NPs precipitation. So, firstly, the ethanol was
eliminated by evaporation using a rotary evaporator (Laborota 4000, Heidolph
Instrument, Schwabach, Germany) and then, aqueous samples were treated with 0.05 mL

of subboiled nitric acid.

3.4.7 Colorimetric assay

The amount of L-cisteine capping doped QDs was determined by measuring the amino
acid concentration in d-dots colloidal solutions, using BCA protein assay [16,39]. The
approach selected was the standard addition method to determine L-cysteine
concentration acting as capping ligands.

The test tubes were prepared following the next protocol: over aliquots of 25 mL
of QDs solution (pH 7.4), increasing amounts of L-cysteine solution (3 nM in PBS 7.4)
are spiked in each test tube. Then, 2 mL of BCA working reagent is added and mix well.
After incubation of test tubes for 30 minutes at 37 °C, the absorbance at 562 nm is
registered. A calibration curve is calculated representing net absorbance versus L-
cysteine concentration. The representation gives rise to a linear plot. Finally, it is
extrapolated the regression line up to intercept on the x-axis and this value is the

concentration of L-cysteine capping Mn:ZnS QDs.

4. Conclusions

It has been carried out the synthesis of photoluminescent colloidal QDs (made of a core
ZnS and doped with Mn ions) with the surface coated with L-cysteine molecules to allow
a solubilization in water media. Complementary analytical techniques were used for their

appropriate characterization.

A study was made in order to estimate of the amount of L-cysteine incorporated in the
nanoparticle, obtaining a value 1:3. This aspect is essential to establish the stoichiometry

ligand / nanoparticle.
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The data obtained by ICP-MS provide information on the number of existing atoms by
nanoparticle, allowing to optimize the performance of the nanoparticle synthesis and to
estimate the concentration of quantum dots in a sample (a critical parameter for further

quantitative applications of the nanoparticles).
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LEGENDS OF THE FIGURES

Figure 1. Absorption (grey line) and phosphorescent emission (black line) spectra of

colloidal L-cysteine capped Mn-doped ZnS QDs.

Figure 2. Effect of pH on the phosphorescent intensity emission of the colloidal Mn:ZnS
QDs.

Figure 3. (a) X- ray diffraction patterns for nanopartiles of non-doped (light grey) and
Mn?"-doped ZnS QDs (dark grey). The vertical lines indicate the diffraction peaks of ZnS
with the cubic zinc blende structure (JCPDS No. 05-0566). (b) FT-IR spectra of Mn:ZnS
QDs (dark grey line) and L-cysteine (light grey line).

Figure 4. (a) HR-TEM image of Mn?"-doped ZnS QDs. (b) SAED pattern of d-dots

shows the cubic structure of the nanocrystals.
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Figure 3
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Figure 4
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Table 1
Acidic treatment Alkaline treatment
Microwave assisted Microwave assisted
No M 9
0 MW (wt %) (Wt %) (Wt %)
Mn 1.60 £ 0.06 1.88 £ 0.04 1.7+0.1
Zn 373+0.8 38.5+0.7 3903+1.1
S n.d. 23.3+0.5 31.6 1.3
Table 2
[QDs] mg L-! [QDs] uM [L-cysteine] uM
300 8.1
200 5.4
100 2.7
50 1.4
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Supporting Information for:

Determination of the concentration of colloidal Mn?*

doped ZnS quantum dots from ICP-MS measurements

Emma Sotelo-Gonzalez, , Maria T. Fernandez-Arguelles, Jose M. Costa-Fernandez and Alfredo

Sanz-Medel™)

Department of Physical and Analytical Chemistry, University of Oviedo
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Figure S1. Fluorescence spectra of Mn:ZnS QDs (black line) and ZnS QDs (light grey

line).
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Figure S3. EDS spectra of Mn:ZnS QDs capped with L-Cysteine.
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D.2 APLICACION DE LOS D-DOTS FOSFORESCENTES AL DESARROLLO DE
NUEVAS METODOLOGIAS ANALITICAS Y FASES SENSORAS PARA LA
DETERMINACION DE ACETONA EN MEDIOS ACUOSOS
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D.2.1 Introduccidn y objetivos

Las excelentes caracteristicas optoelectrénicas que presentan los QDs resultan especialmente
ventajosas si se comparan con las caracteristicas de las moléculas organicas fluorescentes
habitualmente empleadas en el desarrollo de metodologias luminiscentes de analisis, que
muestran problemas como la necesidad de excitacion altamente energética, pobre

fotoestabilidad o tiempos de vida cortos.

Ademas, las propiedades luminiscentes de los QDs son muy sensibles a cualquier alteracidon que
se puede producir en su superficie. Esto se traduce en que cualquier interaccidn fisica o quimica
entre especies quimicas presentes en el entorno y la superficie de las nanoparticulas producira
cambios en la eficiencia de la recombinacién de los pares hueco/electrén responsables del
proceso de emisidon luminiscente, resultando en cambios en la sefial medibles y cuantificables.
Por ello, este fendmeno ha sido la base de una gran actividad investigadora en el campo del

desarrollo de nuevos sensores épticos basados en QDs.

En este sentido, las propiedades luminiscentes caracteristicas de los d-dots (p. ej. de los QDs de
Mn:ZnS) resultan especialmente interesantes ya que el proceso de dopaje genera la existencia
de estados energéticos adicionales, los cuales proporcionan tiempos de vida de la emision
debida a los dopantes mas largos que la emision del semiconductor convencional. Desde el
punto de vista analitico, esta emisidn se puede detectar como fluorescencia convencional,
fosforescencia o fluorescencia a tiempo resuelto, permitiendo los dos ultimos modos de
deteccién eliminar problemas tipicos que ofrecen las matrices bioldgicas como la
autofluorescencia o la dispersion si se recoge la sefial debida al analito con un tiempo de demora

durante el cual se eliminan estas sefiales de corta duracion.

La mayoria de las metodologias luminiscentes de analisis basadas en QDs para la deteccidon de
analitos estan restringidas al empleo de las nanoparticulas solubilizadas directamente en el
medio de andlisis, donde tras la interaccidén con la especie de interés, se recogera la respuesta
luminiscente generada (primera parte del trabajo desarrollado en este capitulo). Sin embargo,
la posibilidad de llevar a cabo una inmovilizacidn apropiada de las nanoparticulas en un soporte
solido adecuado seria una estrategia excelente que permitiria el desarrollo de sistemas sensores

basados en QDs.

Los sensores quimicos resulta una herramienta analitica ideal ya que permiten realizar medidas
a tiempo real e “in situ”. Como se ha seifalada anteriormente, para el desarrollo de un sensor es
necesario que las nanoparticulas luminiscentes indicadoras sean inmovilizadas en un soporte

solido adecuado para construir asi la fase sensora del sistema. La seleccién del soporte sélido no
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es sencilla ya que este influye sobre la eficiencia cudntica del indicador inmovilizado, sobre su
estabilidad y sobre la capacidad de interaccién del indicador con el analito. Por esto, un aspecto
de permanente interés es la blusqueda de materiales soélidos o soportes con prestaciones
apropiadas que permitan la inmovilizacion del luminéforo, manteniendo intactas sus
propiedades luminiscentes, asegurando una elevada estabilidad y garantizando una alta
sensibilidad respecto al analito. En este sentido, las matrices inorganicas tipo sol-gel son una
solucidon muy versatil ya que posibilita la encapsulacién de las NPs dentro de una matriz porosa.
El proceso de sintesis resulta sencillo, se produce a temperatura ambiente y permite variar su
rigidez, composicién y porosidad dentro de un amplio intervalo variando la composicién de
mezcla de precursores. Ademas estos materiales presentan una elevada transparencia dpticay
elevada estabilidad mecdanica y quimica, lo que ha favorecido su empleo para el desarrollo de

nuevas fases sensoras luminiscentes.

Teniendo en cuenta las anteriores consideraciones, el objetivo general de este capitulo es el
desarrollo de una metodologia luminiscente de andlisis basada en quantum dots dopados para

la determinacién de acetona en muestras acuosas y bioldgicas.

Paraello, en una primera fase se estudiara el empleo de QDs de Mn:ZnS como elementos activos
en la determinacion de acetona directamente en medios acuosos. Esta meta se desarrollard a lo

largo de las siguientes etapas:

1. Sintesis y evaluacién de las propiedades luminiscentes de quantum dots dopados de

Mn:ZnS. Seleccidn de las condiciones experimentales dptimas para el analisis.

2. Evaluacion del efecto de la concentracion de acetona sobre la emisidon fosforescente de

los d-dots, asi como el efecto de la presencia de posibles interferentes.

3. Aplicacién de la metodologia desarrollada a la determinacién de acetona en muestras

medioambientales y muestras bioldgicas (orina).

4. Propuesta de un mecanismo explicativo del proceso luminiscente ocasionado tras la

interaccion del analito con la superficie de los d-dots.

En una segunda etapa, se investigara el empleo de los d-dots como indicadores fosforescentes
tras su inmovilizacién en un soporte sélido tipo sol-gel para el desarrollo de un optosensor
sensible a la presencia de acetona disuelta en muestras acuosas. Para ello se seguira el siguiente

esquema de trabajo:
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1. Inmovilizacidn de los QDs de Mn:ZnS en una matriz inorgdnica tipo sol-gel. Estudio de
las relaciones dptimas de los precursores para la seleccion de la fase sensora con mejores

prestaciones analiticas.

2. Estudio detallado de las caracteristicas luminiscentes de los d-dots inmovilizados en el

soporte sélido.

3. Evaluacién de la fase sensora obtenida para la determinacion directa de acetona en
muestras acuosas por andlisis en flujo. Estudio de las caracteristicas analiticas de la metodologia

propuesta.

Los articulos titulados: “Mn-doped ZnS quantum dots for the determination of acetone by
phosphorescence attenuation” publicado en la revista especializada en Quimica Analitica
Analytica Chimica Acta (2012, 712, 120-126) de Elsevier y “Immobilization of phosphorescent
quantum dots in a sol-gel matrix for acetone sensing” publicado en la revista especializada en
Quimica Analitica Sensors and Actuators B (2012, 174, 102-108) de Elsevier, resumen el trabajo

y conclusiones del segundo capitulo de la presente Tesis.
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D.2.2 Articulo cientifico Il

Analytica Chimica Acta, 2012, 712, 120-126

Emma Sotelo-Gonzalez, Maria T. Fernandez-Arguelles, Jose M. Costa-Fernandez, Alfredo Sanz-

Medel.
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Quantum dot (QD) nanoparticles (NPs) are increasingly used as highly valuable fluorescent biomarkers
and as sensitive (bio)chemical probes. Interestingly, if certain metal impurities are incorporated during
the NPs synthesis, phosphorescent QDs with analytical potential can be obtained.

We report here the synthesis of colloidal manganese-doped ZnS nanoparticles which have been surface-
modified with L-cysteine that exhibit an intense room temperature phosphorescence (RTP) emission in
aqueous media even in the presence of dissolved oxygen (i.e. sample deoxygenation is not needed).

g?;v:t);ii:dots An exhaustive RTP photoluminescent and morphological characterization of the synthesized QDs and
Phosphorescence their potential for development of phosphorescent analytical methodologies is described. Application to

analytical control of acetone (“model analyte” from the ketones family) in water and urine samples is
carried out by measuring the QDs phosphorescence quenching rate.

The observed results showed a high selectivity of Mn?*-doped ZnS QDs towards acetone. The linear
range of the developed methodology turned out to be at least up to 600 mgL-! with a detection limit
(DL) for acetone dissolved in aqueous medium of 0.2 mgL~". The developed methodology was finally
applied for acetone determination in different spiked water and urine samples, and the recoveries fall in

Luminescence
Acetone determination
Nanoparticles

the range of 93-107%.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Acetone is a solvent widely used in various industrial pro-
cesses particularly in manufacturing strengthened plastic fibres
and shoes. The presence of acetone in the environment results from
different sources such as sewage disposal, industrial leaching or
emissions from automobiles or turbines [1] and their toxic effects
on the human organisms are known for a long time [2]. Interest
in acetone determination in waters, along with many other low
molecular weight carbonyl compounds, have increased in recent
years owing to the wide variety of its sources, the risk of contamina-
tion by acetone and its potential adverse health effects in drinking
water [3,4]. In surface waters, the presence of such compounds was
also ascribed to the photodegradation of dissolved organic matter
and to microbial processes [5]. Moreover, detection of acetone lev-
els in urine (known as ketonuria) and blood (known as diabetic
ketoacidosis) can be used as a potential biomarker for diagnosis of
some diseases such as Diabetes Mellitus or starving [6-8].

The vast majority of analytical methods used for acetone
determination are based on chromatographic techniques. Fre-

* Corresponding author. Tel.: +34 985103474; fax: +34 985103474.
E-mail addresses: jcostafe@uniovi.es (J.M. Costa-Fernandez), asm@uniovi.es
(A. Sanz-Medel).

0003-2670/$ - see front matter © 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.aca.2011.11.023

quently, such methods require complex and long-lasting sample
pretreatment steps (e.g. solid-phase microextraction, sample
derivatizations, etc.). Additionally, photoluminescence approaches
for sensitive acetone detection using organic molecules as pho-
toluminescent probes are common today. In this vein, in the last
few years improvements in nanotechnology allowed replacement
of conventional organic fluorophores by alternative advantageous
luminescent nanomaterials such as quantum dots which have
recently demonstrated their high potential in the development of
novel luminescent bioanalytical methodologies [9-12].

Quantum dots (QDs) are nanocrystals of semiconductor materi-
als with particle sizes between 2 and 10 nm exhibiting unexpected
optical and electronic properties [13]. Quantum confinement
effects are responsible for such remarkable properties, which
depend on their size and composition. Such effects offer the analyst
high fluorescent quantum yields, narrow and symmetric size-
tuneable emission spectra, high resistance to photobleaching and
long fluorescence lifetimes, features which can be highly useful in
luminescence based analysis [14-16].

Luminescence of quantum dots is very sensitive to their
surface states. Therefore, eventual chemical or physical interac-
tions between a given chemical species with the surface of the
nanoparticles could result in changes of the efficiency of the core
electron-hole recombination [17]. This was the basis of the recent
increasing research activity on the development of novel analytical
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methodologies based on QDs for direct analysis of small molecules
and ions [9,18]. Methods based on direct chemical or physical inter-
actions between target chemical species (analyte) and the surface
of the nanoparticles are very simple and have demonstrated high
sensitivity features. Unfortunately, very often those methods lack
of an appropriate selectivity.

To improve selectivity of QDs based sensors, elimination of
interferences from other concomitant fluorescent compounds
emissions is a must. Recent investigations have evaluated the use
of metallic dopants with quantum states remote from the valence
and conduction band edges of the semiconductor nanoparticles to
generate different radiative processes [19,20]. In this vein, Mn2*-
doped ZnS QDs have attracted considerable attention lately because
doping Mn?* ions may act as recombination centres for the excited
electron-hole pairs and result in strong and characteristic lumines-
cence at longer wavelengths. Upon Mn2* doping, a characteristic
emission band centred at around 590 nm, is developed for the
well-known 4T;-A; d-d transition of Mn?* ions on Zn%* sites
of the QD (where Mn?* is coordinated by S2-) [21-23]. When
compared with traditional QDs such as CdSe or ZnS, the result-
ing Mn2*-doped ZnS QDs exhibit both, longer Stokes shift between
excitation and emission wavelengths and longer luminescent life-
times (in the order of a few ms), properties which are typical
from phosphorescent emission [24]. Hence, it is possible to per-
form time resolved measurements allowing simple discrimination
between the luminescence emission from Mn:ZnS QDs from the
background fluorescence of the sample (in which luminescent life-
time is shorter). Additionally, when compared to the commonly
used CdSe or CdS QDs, the absence of Cd%* in Mn2*-doped ZnS
quantum dots can minimize toxicity of such nanocrystals (partic-
ularly important in live-experiments) due to the eventual release
of such toxic metal ions from the nanocrystals. These advantages
make Mn2*-doped ZnS QDs very exciting advanced nanomate-
rials as analytical luminescent labelling agents for imaging and
sensing.

In this context, in a pioneer work, surface-modified Mn%*-doped
ZnS QDs were used for direct sensing of the antibiotic enoxacin in
biological fluids based on quenching of the phosphorescence emis-
sion of the nanoparticles [25]. More recently, enhancement of the
phosphorescence emission of Mn:ZnS QDs in presence of ascorbic
acid was used for the determination of such essential nutritional
factor. For this purpose, QDs were coated with sodium tripolyphos-
phate, which forms a chelate with ascorbic acid. Authors proposed
that the chelate formed extracted Mn and Zn from the surface of
the QDs, generating more holes and allowing the reduction of Mn3*
to Mn2*, enhancing the emission of the QDs [26]. The same Mn:ZnS
QDs were conjugated to glucose oxidase (GOD) to carry out an
enzymatic determination of glucose. In this approach, the presence
of glucose generated the formation of H,O,, which is an effective
quencher of the phosphorescence of Mn:ZnS [27]. Very recently,
the use of Mn-doped QDs have been proposed for the development
of multidimensional sensing devices for discrimination of proteins
based on measurements of fluorescence, phosphorescence and
light scattering. Values of these three parameters were obtained
for eight different proteins after interaction with the QDs, and a fin-
gerprint pattern was obtained after a Principal Component Analysis
[28].

In this paper, colloidal MnZ*-doped ZnS nanoparticles exhibit-
ing room temperature phosphorescence (RTP) emission have been
synthesized and water solubilized by capping the QDs surface
with L-cysteine. Such coating of the nanoparticle with cysteine
groups did not affect their emission properties, allowing their ana-
lytical application for acetone determination (selected as model
ketone specie) in aqueous media by measuring the quenching on
the RTP emission of such QDs after direct interaction with the
analyte.

2. Experimental
2.1. Reagents

All chemical reagents used were of analytical-reagent grade and
used as received, without any further purification. De-ionized Milli-
Q water was employed in the preparation of all solutions.

Zinc sulfate heptahydrate, manganese chloride tetrahydrate,
L-cysteine hydrochloride monohydrate, potassium bromide, potas-
sium iodide, sodium sulfite, 2-propanol and standard solutions
of different cations (Ag*, Na*, K*, Ca2*, Cd?*, Cu?*, Hg?*, Pb%*,
Mg?*, Mn?*, Zn?*, and Fe3*) were obtained from MERK (Darmstadt,
Germany). Sodium sulfide nonahydrate, p-glucose, Triton X-100,
hexadecyltrimethylammonium-bromide (CTAB), trimethyl(tetra-
decyl)ammonium bromide, sodiumdodecyl sulfate (SDS), sodium
hydroxide, acetone solution (2000 wgmL-! in methanol:water
(9:1) and 5000 pg mL~! in methanol:water (9:1)) and methanol
HPLC gradient grade was purchased from Sigma-Aldrich (Mil-
waukee, WI, USA). Urea and pr-histidine were from Fluka (Basel,
Switzerland). Acetone and acetonitrile HPLC gradient grade were
purchased from Prolabo (Leuven, Belgium).

2.2. Instrumentation

Phosphorescence and fluorescence spectra were performed on
a PerkinElmer LS-50B luminescence spectrometer and Varian Cary
Eclipse fluorescence spectrometer (Madrid, Spain), both equipped
with xenon discharge lamps. For these measurements, diluted
aqueous solutions of QDs were placed in 1 cm quartz cuvettes and
their corresponding luminescence was measured. The morphology
and microstructure of the QDs were characterized with a transmis-
sion electron microscope (TEM) 2000 EXII, JEOL (Tokyo, Japan) and
an atomic force microscope (AFM) (Nanotec Electronics, Madrid).
FT-IR spectra were collected in a Varian 670 IR FT-IR spectrom-
eter using attenuate total reflectance measurements. Z-potential
was measured using a Zetasizer NanoZS (Malvern Instruments
Ltd., Worcestershire, United Kingdom) using colloidal QDs in acid
medium. All measurements were made at room temperature and
atmospheric pressure.

2.3. Synthesis of aqueous ZnS and Mn?*-doped ZnS quantum dots

Colloidal water-soluble ZnS and Mn2*-doped ZnS quantum dots
were synthesized in our laboratory via the procedure described by
Heetal.[25] with some slight modifications. Briefly, 50 mL of 0.02 M
L-cysteine, 5mL of 0.1 M ZnSOy4, and 0.15 mL of 0.1 M MnCl, were
mixed inabeaker and pH was adjusted with NaOH 1 M to pH 11.The
solution was placed in a three-necked flask and deoxygenated in an
argon atmosphere under continuous stirring for 30 min. Then, 5 mL
of 0.1 M Na,S were swiftly injected into the solution to allow the
nucleation of the nanoparticles. The mixture was stirred for 20 min,
and then the solution was aged at 50 °C under air for 2 h to improve
the crystalline structure of the L-cysteine capped Mn2*-doped ZnS
QDs. Similarly, ZnS QDs were synthesized using the same proce-
dure but without the addition of MnCl,. Purification of the QDs was
carried out by precipitation of the nanoparticles with ethanol in a
centrifuge at 5000 rpm for 5 min (the procedure was repeated for 3
times). Finally, the QDs were dried under vacuum and stored under
inert argon atmosphere as a water soluble brown solid powder.

2.4. Analytical procedure for acetone measurement

The following general procedures were used to evaluate the
effect of the presence of acetone in the nanoparticles environment
over luminescence emission of the synthesized phosphorescent

QDs.
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The optimization studies and calibration curves for acetone
determination were obtained by adding increasing amounts of
standard water solution of acetone over colloidal suspension of
Mn:ZnS QDs in a buffer solution. Once mixed, luminescence emis-
sion measurements were performed.

In a similar way, in order to evaluate the effect of potential
interfering species on the luminescence emission of Mn2*-doped
ZnS QDs, increasing amounts of the assayed chemical species were
added over quantum dots buffered solution, and then, QDs phos-
phorescence emission was measured.

For real sample analysis a simple pre-treatment was used, con-
sisting on a filtration of the samples through 0.45 pm and 0.22 pum
filter devices consecutively. Real water samples were prepared by
mixing 9 mL of spiked water samples with 1 mL of the synthesized
water soluble Mn:ZnS QDs solution at pH 12. Additionally, urine
samples were prepared by mixing 1 mL of spiked urine samples
with 3 mL of water soluble Mn:ZnS QDs solution at pH 12. Then,
the luminescence measurements were performed.

3. Results and discussion
3.1. Characterization of Mn?*-doped ZnS QDs

3.1.1. Morphological characterization of Mn:ZnS QDs

Size characterization was carried out measuring the diameter
of the nanocrystal core by transmission electron microscopy (TEM)
and atomic force microscopy (AFM). Images obtained by TEM (see
Fig. 1) show Mn2*-doped ZnS QDs having nearly spherical shape
and almost uniform core size in diameter (about 4 nm).

Conversely, images obtained by atomic force microscopy (AFM)
also showed the presence of bigger nanoparticles, with diameters
of around 20 nm (see Fig. 2). Such larger particles can be attributed
to a partial aggregation of several colloidal nanoparticles that might
occur during the sample preparation procedure carried out for AFM
measurements (e.g. during the drying process required previous to
the AFM analysis). Images from AFM showed also a second popu-
lation of nanocrystals with lower particle size of about 5nm (see
Fig. 2b). Such low-sized QDs would correspond to single nanocrys-
tals of Mn:ZnS (not aggregated).

In addition, Fourier transform infrared spectroscopy was carried
outinorder to confirm the bonding of L-cysteine to the nanoparticle
surface and to assess the orientation of such L-cysteine ligands sur-
rounding the nanocrystal core. Results showed that the stretching
band of the SH thiol group, which can be observed when measuring
L-cysteine at around 2540 cm~! (wu S-H), is not observed when the
nanoparticles are evaluated. However, the characteristic band for
-COO0~ (~1403cm~!, mv COO~) and -COOH (1750cm~!, v C=0
shift to 1570 cm~! as reported by Chen et al. [29]) are still detected
in the FT-IR spectra from the L-cysteine stabilized QDs. Thus, we can
conclude that the L-cysteine ligands are bound to the nanocrystal

(1} o P sl W

50 nm

Fig. 1. TEM image of an aqueous solution of the colloidal Mn:ZnS QDs here synthe-
sized.

surface through the thiol group, leaving the amino and carboxylate
functional groups to the outer part of the shell. This is in agree-
ment with previous findings, using CdSe/ZnS QDs, demonstrating
that QDs covered with Zn-containing shells exhibit high affinity to
thiol groups from molecules used to solubilize the nanoparticles
[30].

3.1.2. Spectral characteristics of Mn:ZnS QDs

The synthesized QDs were dispersed in sodium borate buffer
(SBB) pH 12. Photoluminescent measurements were carried out at
optimized phosphorescence instrumental conditions, with a delay
time of 0.04ms and a gate time of 2ms. As shown in Fig. 3a,
no phosphorescent emission was observed when studying QDs of
ZnS without Mn%*. However, when such nanocrystals are doped
with Mn2* (solid line in Fig. 3a) an intense emission band centred
at around 595 nm, which is attributed to the 4T;-6A; prohibited
transition, is apparent. Studies showed that no residual fluores-
cence at 420 nm, typical from the ZnS core QDs [31], was observed,
indicating that the doping process of the QDs with Mn2* was
highly efficient and no ZnS cores without Mn2* ions seem to
exist. Experimental RTP measurement conditions, such as excita-
tion and emission wavelengths at 290 and 595 nm, respectively,
were selected for further experiments.

[=n

Z[nm]

1pm

0 50 100150 200 250 300
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Fig. 2. Topographical AFM image of Mn:ZnS QDs deposited onto a silica surface. Two populations of Mn:ZnS QDs, exhibiting different size-profiles, were obtained.
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Fig. 3. (a) Excitation and emission spectra of colloidal Mn:ZnS QDs (solid-line) and
of colloidal ZnS QDs (dotted line) and (b) Decay curve of luminescence emission of
colloidal Mn:ZnS QDs. Emission spectra were obtained by excitation at 290 nm of
aqueous solutions of QDs.

Moreover, lifetime measurements of Mn doped ZnS QDs were
also carried out and obtained results are shown in Fig. 3b. After exci-
tation by short pulse, the excited state of the QD typically decays
following a double exponential time course, with a first lifetime
component in the range of 0.3 ms and a second longer lifetime com-
ponent around 2.1 ms. Such lifetime is very long when compared to
ZnS QDs, which present a lifetime on the order of the nanoseconds.

3.1.3. Effect of Mn2* stoichiometry on phosphorescence emission
signals

It is well known by now that Mn2* stoichiometry could affect
both phosphorescence and fluorescence emission of Mn2*-doped
ZnS QDs [32]. In order to investigate nanocrystals composition
exhibiting optimum phosphorescence emission characteristics,
QDs doped with different Mn:ZnS ratios, ranging 0.3-30 (mol% rel-
ative to Zn%*) were synthesized. Photoluminescent studies showed
that as the amount of Mn?* increased, the fluorescence emission
observed at 420 nm (characteristic from the ZnS core) was lower,
and the phosphorescent signal registered was higher. At Mn2* con-
centrations over a 3% a plateau in the phosphorescent signal was
observed. Additionally, measured phosphorescence decay times
showed that whereas 7, remained constant, 7, decreased slightly
with increasing concentration of Mn2*. Therefore, Mn2* doped ZnS
QDs used for further experiments were selected ensuring 3% Mn2*
(relative to Zn2*) in the precursors mixture.

3.1.4. Effect of experimental conditions
In general terms, prediction of the effect of the environment
and/or surface functionalization on the optical properties of QDs is

difficult. Some parameters of the microenvironment, such as matrix
polarity and proticity (hydrogen bonding ability), viscosity, pH
along with the presence of surfactants or fluorescence quenchers
(e.g. oxygen) can have a strong influence on luminescence intensity
[15]. Furthermore, traditional phosphorescence emission is also
affected by several parameters, including presence of oxygen, orga-
nized media (by adding surfactants) or heavy atoms. Therefore, the
eventual effect of all those factors on the RTP emission intensity
from Mn2*-doped ZnS QDs was investigated.

Evaluation of pH effect was performed by dissolving the
nanoparticles in different buffers of pHs values of: 5, 7.4, 9 and
12. Results showed that pHs between 5 and 9 barely show a dif-
ference on the phosphorescence emission, while NPs dispersed in
pH 12 buffer showed a substantial increase on the phosphores-
cence recorded. This could be attributed to the deprotonation of
the amino group (pKa 10.25) of the L-cysteine nanoparticles layer.

It is well known that dissolved molecular oxygen is a strong
quencher of the molecular phosphorescence emission in liquid
solutions. Hence, emission of Mn2*-doped QDs was evaluated
under different oxygen concentrations by addition of different
concentrations of sodium sulphite (up to 20 mM), a well known
and effective oxygen scavenger [33]. Unexpectedly, no significant
change on the RTP intensity or in luminescence lifetimes from
Mn:ZnS QDs (in presence or absence of dissolved oxygen) was
observed. This is of course an advantageous feature when com-
pared to traditional phosphorescence emission where removal of
oxygen is mandatory [34].

Another critical parameter playing an important role in tradi-
tional phosphorescence analytical methods is the presence of heavy
atoms in the medium to favor the population of the triplet excited
state. Although the transition here is of different nature to those
typical triplet-singlet transitions that take place in organic reagents
used for RTP, the effect of the presence of high concentration of a
heavy atom, including Br and I containing salts (1.2 M) in aqueous
media, on the luminescence emission from Mn:ZnS QDs solution
was also evaluated. We did not observe any significant variation on
the luminescence emission or lifetimes from the Mn2* doped QDs.
In fact, the highest values were those obtained for the Mn:ZnS QDs
dispersions without presence of such high concentration of salts
(which could affect the colloidal stability of the nanoparticles or
produce quenching of RTP).

As compared to conventional phosphorescent molecules, the
emission of the here-synthesized QDs is highly insensitive to
different parameters that typically affect significantly the phospho-
rescence from the organic molecules. This observed characteristic
could be attributed to the difference between the discrete energy
levels characteristic of the QDs and those molecular energy levels
of conventional organic phosphorescent molecules. Hence, factors
that typically affect to transitions of organic molecules do not nec-
essarily affect to transitions that occurs during the emission of QDs.

Finally, since an organized medium is known to enhance the
probability of RTP to occur, the effect on RTP of the addition to
colloidal Mn:ZnS QDs aqueous solution of surfactants of differ-
ent nature (anionic as 0.01 M SDS, cationic as 0.001 M CTAB, and
0.005M TDAB, and non-ionic as 0.002M Triton X100), at levels
above their critical micellar concentrations, was also investigated.
It was found that none of the surfactants produced any enhance-
ment of the phosphorescence intensity. Conversely, the observed
emission spectra from QDs solutions containing surfactants pre-
sented low signal to noise ratios (probably due to the formation of
NPs aggregates resulting in undesirable light scattering and back-
ground).

From such experiments it can be concluded that the
phosphorescence-like emission of Mn2*-doped ZnS QDs is not
significantly affected by typical parameters that usually modify
the emission of traditional organic phosphors (e.g. pH, dissolved
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oxygen, presence of heavy atoms or rigidity afforded by organized
media). Such robustness of the delayed emission of Mn doped
opens the way to simpler, more precise and more robust RTP
analytical methodologies, as compared with conventional organic
dyes-based existing RTP analytical methods.

3.1.5. Photostability

Several authors demonstrated that exposure of colloidal QDs,
after their synthesis or further functionalization, to UV or visible
light results in an important increase of the nanoparticles photolu-
minescence [35-37].

Such phenomenon, frequently known as photoactivation pro-
cess, is aimed at removing of topological surface defects in the QDs
eventually originated during the synthesis processes lowering the
emitted luminescence [35-37]. Therefore, we have also evaluated
the eventual effect of a photoactivation process on Mn2*-doped ZnS
QDs synthesized in our laboratory.

For this purpose, Mn:ZnS QDs were illuminated under a 290 nm
source excitation for 2h and no significant variation on the
observed luminescence signal was noticeable. Again, the synthetic
procedure here followed resulted in high-quality Mn:ZnS QDs,
exhibiting a very stable phosphorescent signal at room tempera-
ture, without the need of previous photoactivation.

3.2. Effect of acetone on Mn:ZnS QDs phosphorescence

The study of the interaction of different chemical species with
the surface of colloidal QDs, widely reported in the literature,
has revealed that luminescence properties of these nanomateri-
als strongly depends on their surface atoms and their environment
[9,38]. In this sense, previous research carried out in our labora-
tory has demonstrated the strong effect of the presence in the QDs
environment of organic vapours [39], metallic cations [40] or inor-
ganic anions [41] on the fluorescence emission of CdSe QDs. The
mechanism proposed in each application depends on the reactive
species (e.g. electrostatic interaction with the QDs surface ligands
[29], electron transfer from conductive band of QD to unoccupied
molecular orbital of the analyte [42], or a simple adsorption onto
the surface of the semiconductor nanoparticles [43]). This was the
basis of the recent increasing research activity on the development
of novel optical sensors based on QDs probes [9].

Following this approach, and based on our experience with CdSe
QDs, in this article Mn:ZnS QDs have been investigated for optical
sensing of acetone based on a phosphorescence detection. For such
purpose, Mn:ZnS QDs capped with L-cysteine were selected. The
presence of L-cysteine on the QDs surface ensures water solubil-
ity of the nanoparticles. Moreover, terminal functional groups of
the aminoacid might easily interact with acetone present in the
medium, and, eventually, this interaction would affect to the lumi-
nescence of the QDs, which would be used to develop the acetone
sensor aforementioned.

Thus, first studies were aimed to explore the behaviour of
Mn2*-doped ZnS QDs for phosphorescence detection-based ace-
tone analysis. Spectroscopic measurements were performed in
aqueous solutions buffered with SBB pH 12 as described in the
general analytical procedure. The phosphorescence response of
Mn2*-doped ZnS QDs upon addition of increasing amounts of ace-
tone, varying from 0.5 mg L~ up to 600 mg L~ in aqueous solution
is shown in Fig. 4. As it can be observed, the addition of acetone effi-
ciently quenches the phosphorescence emission of the evaluated
nanocrystal colloidal solution.

The dependence of the measured phosphorescent intensity
signal with increasing concentrations of acetone was fitted to
a Stern-Volmer equation. For this purpose, (Io/[)—1 has been
represented versus acetone concentration, where I, is the phos-
phorescent emission of Mn:ZnS QDs without presence of acetone,
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Fig. 4. Effect of the addition of acetone (from 0.5mgL~"! up to 600mgL-') on the
phosphorescence emission of Mn:ZnS QDs.

and I is the phosphorescent emission of Mn:ZnS QDs in presence
of increasing concentrations of acetone. The Stern-Volmer repre-
sentation gives rise to a linear plot up to a concentration of at least
600mgL-! of acetone, which was the maximum concentration of
analyte assayed. Such acetone quenching effect can be attributed
to an interaction with the L-cysteine ligands present in the NPs sur-
face, used to stabilize the QDs in aqueous solutions, as discussed in
the next section.

4. Proposed mechanism

It is well known that acetone can act as an electrophile group.
Therefore, there is a high probability of an interaction of the ace-
tone with the amino group from the L-cysteine of the QDs, which
is a nucleophile, to form an imine. Then, addition of more acetone
to the medium could give rise to a further generation of an oxa-
zolidone cycle. Based on its chemical structure, imine could act as
an efficient electron acceptor. Therefore, such eventual chemical
transformation of the L-cysteine in the presence of acetone would
result in a quenching of the photoluminescence emission from the
QDs probably due to an electron transfer process. Hence, if this
occurs, changes on the surface charge of the QDs should be observed
in the presence of acetone.

In order to confirm such possible quenching mechanism we
carried out the measurement of the Z-potential of the QDs solu-
tion before and after the addition of acetone (see Fig. 6). When
the Z-potential was measured in acidic medium (using acetic acid),
a value of +24.4mV was obtained (a positive value attributed to
the protonation of the amino group of the L-cysteine). Conversely,
this Z-potential decreases to a value around 0 mV when acetone is
added to the QDs sample. This variation could be explained con-
sidering the loss of the positive charge from the amino group (see
Fig. 5) when the imine or the oxazolidone are generated upon ace-
tone addition.

Furthermore, the effect of different aliphatic and aromatic
ketones, such as 2-heptanone and cyclohexanone, on the RTP emis-
sion from the QDs was also investigated. Results showed that such
species produced also a significant quenching of the luminescence
emission from the nanoparticles, thus probing the proposed imine
formation between cysteine and the ketones.

4.1. Analytical performance characteristics

The analytical performance characteristics of the new RTP
method were evaluated under the optimized experimental con-
ditions. Calibration graphs were prepared from the results of
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Fig. 6. Z-potential of a colloidal solution of Mn:ZnS QDs (a) in water media and (b) in the presence of acetone.

triplicate analysis of acetone standard water solutions of increas-
ing concentration and proved to be linear at least up to 600 mgL~!
of acetone (maximum concentration assayed). The detection limit,
calculated as the concentration of acetone which produced an ana-
lytical signal three times the standard deviation of 10 injections of
ablank, turned out to be 0.2 mgL~! of acetone. The precision of the
proposed method was evaluated as the relative standard deviation
of three replicates of a sample containing 15mgL~! of acetone and
turned out to be +2%.

The selectivity of the proposed methodology was assessed by
studying the effect of the presence of different potential interfer-
ents on the QDs RTP signals. In this sense, it could be expected that
the presence of metallic cations reacting with L-cysteine coating
would alter the surface of the nanoparticles so changing the phos-
phorescent emission. Thus, emission of Mn:ZnS QDs was studied
under increasing concentrations of some metal cations potentially
present in environmental samples (using the optimized proce-
dure previously described). The presence of Na(I), Eu(IIl), Zn(II)
and Mn(II) up to 10mgL-! result in deviations of the fluores-
cence signal lower than 5%. However, the presence of Cu(II), Fe(IlI),
Ag(I) or Hg(II) at a concentration level over 0.04 mgL~! produced
a change on the measured luminescence over 10% when working
at acid or neutral pHs. In order to avoid such interferences, the
same study was performed at a higher pH (pH 12). In such basic
medium, it was observed that none of the assayed species pro-
duced any detectable interferent effect at concentrations below
1mgL-1.

Another type of compounds that could be present in pol-
luted water samples includes different organic solvents, such as
methanol, ethanol, 2-propanol, and acetonitrile. Results found
showed again that none of such potential interferents assayed pro-
duced a detectable effect on the RTP emission of the QDs (even at
the maximum concentration assayed of 5% (v/v).

As this methodology might be potentially applicable to RTP
determination of acetone in urine samples, the effect of other com-
ponents commonly present in urine at physiologically relevant
levels was also evaluated. In this sense, histidine and L-cysteine
were assayed at concentrations up to 1 mM, Na(I) up to 5 mM, K(I),
Ca(I1), Mg(II), p-glucose at concentrations up to 10 mM and finally
urea—the main component of urine- up to 400 mM. As can be seen
in Fig. 7, only L-cysteine and Ca(Il) ion produced slight interfer-
ence effects on the acetone signal. Moreover, it is worth noting that
even high concentrations of glucose did not produce any noticeable
change on the RTP of the QDs. This fact is particularly important
for the eventual application of this RTP NPs-based methodology to
the determination of acetone in patients suffering from Diabetes
Mellitus.
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Fig. 7. Interference assay for acetone determination. 100 mg L~ acetone was added
inall cases, either alone or together with the potential chemical interferents assayed.
Three replicates per point.
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Table1 o ) acknowledges a grant (BP08-063) from Consejeria de Educacion y
Determination of acetone in enriched samples by using the phosphorescent QDs. Ciencia of the Principado de Asturias. We thank to Nanotechnology
Type of sample Acetone spiked Acetone measured Recovery and Electronic Microscopy and Microanalysis of SCTs of University
(mgL") (mgL') (%) of Oviedo for their help in nanoparticle characterization and Ainhoa
Mineral water 6.3 6.8+ 06 107 Diaz-Pardo for their help.
Tap water 9.5 93 +20 98
Sea water 8.2 8.6 £0.7 105
Matrix urine 1 24.9 255 +2.0 99 References
Matrix urine 2 739 76.9 £ 0.9 104
Matrix urine 3 98.9 91.1+£2.0 93 [1] E. Zervas, X. Montagen, J. Lahaye, Atmos. Environ. 35 (2001) 1301-1306.
Urine 1 1923 184.9 + 1.2 96 [2] A.Brega, P. Villa, G. Quadrini, A. Quadro, C. Lucarelli, . Chromatogr. 553 (1991)
Urine 2 535.7 547.9 + 1.8 102 249_254.
[3] D.L. Giokas, G.Z. Tsogas, A.G. Vlessidis, Anal. Chim. Acta 651 (2009) 188-
195.
5. Real sample applications [4] E.D. Hudson, K. Okuda, P.A. Ariya, Anal. Bioanal. Chem. 388 (2007) 1275-
1282.

The usefulness of the proposed method for the determination
of acetone in natural water (tap, water, mineral and sea water) was
first evaluated by following the general procedure. Water samples,
spiked with known concentrations of acetone, were analyzed after
filtration through 0.45 wm and 0.22 pm filter devices without any
other sample pre-treatment. Then, 9 mL of the water samples were
thoroughly mixed with 1 mL of Mn:ZnS QDs solution at pH 12 and
the luminescence measurements were performed. Table 1 collects
the results obtained after the analysis of trace levels of acetone in
three different contaminated water samples.

Acetone determination in urine was also demonstrated at dif-
ferent acetone concentrations. The levels of acetone selected in
order to carry out this study were on the same order of magni-
tude that those analyzed with commercial test strips. In a similar
way to water samples analyses, urine samples were analyzed after
filtration, and 1 mL of the urine samples were thoroughly mixed
with 3 mL of Mn:ZnS QDs solution at pH 12. Unfortunately, results
obtained for direct real urine samples analyses showed a deviation
from values obtained with an external calibration. Thus, with the
aim of avoiding such matrix effects, analysis of acetone in urine
was carried out using a standard addition methodology. Lumines-
cence measurements were performed and results obtained for the
phosphorescent determination of acetone are collected in Table 1.

Good recoveries for the determination of acetone were obtained
in all cases, thus indicating the validity of the proposed method
for direct analysis of acetone in different types of water and urine
samples.

6. Conclusions

In summary, Mn2*-doped ZnS QDs exhibiting a strong and
highly stable phosphorescence emission were successfully synthe-
sized and exhaustively characterized. Several factors that have a
strong influence over the classical phosphorescence emission do
not modify the emission of the Mn:ZnS QDs, making this type
of nanoparticles very robust for real sample applications. The
nanoparticles have demonstrated a high selectivity for the acetone
determination in aqueous media by measuring the phosphores-
cence quenching effect observed after analyte interaction with the
colloidal nanoparticles. A possible mechanism was also proposed
to explain the process of the acetone effect on the QDs phospho-
rescence.
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Quantum dots (QDs) are semiconductor nanoparticles (NPs) that are increasingly used in optical sensing
applications due to their exceptional optoelectronic properties. When such nanocrystals are doped with
certain metal impurities, a phosphorescence-like emission can be obtained, allowing the development of
novel robust and highly selective sensing phases (it is possible to perform time resolved measurements
enabling a simple discrimination between the luminescence emission from the QDs from the background
fluorescence of the sample, in which luminescent lifetime is shorter).

é?:;g:‘:;’dots In this context, a phosphorescent sensing material for acetone control in water media has been devel-
Phosphorescence oped based on the immobilization of phosphorescent quantum dots in an inorganic sol-gel solid matrix.
Luminescence For such purpose, colloidal manganese-doped ZnS nanoparticles (Mn:ZnS QDs) surface-modified with
Acetone sensing L-cysteine (for water solubilisation) were synthesised. The Mn:ZnS QDs exhibit an intense room tem-
Sol-gel perature phosphorescence (RTP) emission in aqueous media even in the presence of dissolved oxygen.

Further, a simple and general procedure is proposed to incorporate the colloidal L-cysteine Mn:ZnS QDs
in a sol-gel matrix.

Application of the developed sensing material to analytical control of acetone dissolved in contami-
nated water samples was performed based on measurement of the quenching effect of the analyte on
the QDs phosphorescence emission. The sol-gel procedure (e.g. nature and concentration of the silica
precursors used) employed for immobilization of the QDs was optimized trying to obtain the best ana-
lytical features for detection of acetone. The optimized sensing material showed a high selectivity of the
sensing material towards acetone. The linear range of the developed methodology turned out to be at
least up to 50% acetone:water (v/v) with a detection limit (DL) for acetone dissolved in aqueous medium
of 0.16% acetone:water (v/v). The developed sensing phase was finally applied for acetone determination
in different spiked water samples, and the recoveries fall in the range of 93-109%.

© 2012 Elsevier B.V. All rights reserved.

Luminescence of quantum dots is very sensitive to their
surface states. Therefore, eventual chemical or physical interac-
tions between a given chemical species with the surface of the
nanoparticles could result in changes of the efficiency of the core

1. Introduction

Quantum dots (QDs) are luminescent nanocrystals of semicon-
ductor materials with diameter sizes between 2 and 10 nm with

fascinating optical and electronic properties [1]. The quantum con-
finement effects are responsible for their remarkable properties
that depend on their size and composition, allowing high fluores-
cent quantum yields and very large molar extinction coefficients,
broad excitation coupled to narrow and symmetric size-tuneable
emission spectra, high resistance to photobleaching and fluores-
cence lifetimes on the order of 20-50 ns [2-4].

* Corresponding author. Tel.: +34 985103000x5365.
** Corresponding author. Tel.: +34 985103474.
E-mail addresses: fernandezteresa@uniovi.es (M.T. Fernandez-Argiielles),
asm@uniovi.es (A. Sanz-Medel).

0925-4005/$ - see front matter © 2012 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.snb.2012.07.107

electron-hole recombination. This was the basis of the develop-
ment of novel sensing approaches, based on QDs, for direct analysis
of small molecules and ions. In fact, in the last years, the use of quan-
tum dots has replaced conventional organic fluorophores in diverse
applications such as direct sensing [5,6] of ions [7-10], gases [11] or
other small molecules [12,13]. Unfortunately, although very simple
and highly sensitive, very often, those “direct” sensing approaches
lack of an appropriate selectivity. To improve selectivity of QDs
based sensors, elimination of interferences from other concomitant
fluorescent compounds emissions is a must.

In this context, recent investigations have demonstrated that,
when certain metal impurities are incorporated during nanopar-
ticles synthesis, phosphorescence-like emission quantum dots
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could be obtained [14-18]. These QDs present features typically
offered by phosphorescent compounds [19]. Moreover, since the
excited states that are involved in the emission of phosphores-
cence when using nanoparticles which are different from those
involved in conventional organic molecules, typical parameters
that affect the emission of phosphorescence might not affect the
emission of luminescence of the QDs, such as presence of heavy
atoms or dissolved oxygen, necessity of a rigid environment,
etc.

In this vein, Mn%*-doped ZnS QDs have attracted considerable
attention because doping MnZ* ions may act as recombination
centres for the excited electron-hole pairs and result in strong
and characteristic luminescence at longer wavelengths. Upon Mn2*
doping, a characteristic emission band, centred at around 590 nm,
is obtained for the well-known 4T -6A; d-d transition of Mn%* ions
on Zn?* sites of the QD (where Mn?* is coordinated by S2-) [17,18].
When compared with the traditional QDs such as CdSe or ZnS, the
resulting Mn2*-doped ZnS QDs exhibit both, longer Stokes shift
between excitation and emission wavelengths and longer lumi-
nescent lifetimes (in the order of a few ms), properties which
are typical from phosphorescent emission. Hence, it is possible
to perform time resolved measurements allowing simple discrim-
ination between the luminescence emission from Mn:ZnS QDs
from the background fluorescence of the sample (in which lumi-
nescent lifetime is shorter). Such improved emission properties
make the Mn2*-doped ZnS QDs very exciting advanced nano-
materials as analytical luminescent labelling agents for sensing
purposes.

A step further towards the development of QD-based sensing
materials requires the immobilization of the QDs in an ade-
quate solid supports in order to obtain an active solid sensing
phases [6]. For this purpose, it is known that sol-gel based
technology might be an outstanding method to entrap the nanopar-
ticles inside a solid matrix due to the simplicity of the sol-gel
preparation, the chemical inertness of the matrix, the tuneable
porosity achieved by changing the amounts of silica precursors, the
mechanical stability and the negligible swelling behaviour. In addi-
tion, the optical transparency offered by sol-gel materials makes
them an excellent option for the development of optical sensing
phases [20].

In the present work, incorporation of colloidal phosphores-
cent Mn:ZnS QDs in a sol-gel matrix has been carried out in
order to fabricate “active” solid phases for acetone determination.
Acetone, a highly volatile chemical reagent which is commonly
analysed in environmental samples, was used as model analyte.
Acetone, along with formaldehyde and acetaldehyde are the most
abundant representatives of low molecular weight carbonyl com-
pounds in water samples, representing more than 90% of total
carbonyl content. Short-chain carbonyl compounds can appear
in drinking water as pollutants due to the wide variety of their
sources, mainly after disinfection treatments of natural waters
or from migration from plastic containers into bottled water.
Although the maximum contaminant levels in drinking water are
still not applicable by the International Advisory Committees, the
development of screening methods to test water samples is a
necessity in order to control these compounds which can pro-
duce adverse health effects (from irritation of mucous membranes
to problems in the central nervous system) and also organoleptic
alterations [21-24].

Entrapment of the QDs in the sol-gel matrix was per-
formed by incorporation of the nanoparticles in the precursor’s
mixture during the polymerization procedure. The sol-gel
process was optimized to ensure that the QDs optical prop-
erties are retained (avoiding degradation or easy leaching
into the solution) while maintain appropriate acetone sensing
features.

2. Material and methods
2.1. Reagents

All chemical reagents used were of analytical-reagent grade
and without further purification. Zinc sulphate heptahydrate,
manganese chloride tetrahydrate, L-cysteine hydrochloride mono-
hydrate and 2-propanol were obtained from MERK (Darmstadt,
Germany). Sodium sulphide nonahydrate, sodium hydroxide, and
methanol were purchased from Aldrich (Milwaukee, WI, USA). Ace-
tone, methanol, ethanol and acetonitrile HPLC gradient grade were
purchased from Prolabo (Leuven, Belgium). Sol-gel silicate precur-
sors, tetramethoxysilane (TMOS) and 3-aminopropyltrietoxysilane
(APTES) were obtained from Fluka Chemie (Steinheim, Germany)
and N-ethyl-N-(3-dimethylaminopropyl) carbodiimide hydrochlo-
ride (EDC) was purchased from Fluka (Basel, Switzerland). Freshly
prepared ultrapure deionized water (Milli-Q3 RO/Milli-Q2 system,
Millipore, UK) was used in all the experiments.

2.2. Synthesis of aqueous ZnS and Mn?*-doped ZnS quantum dots

Colloidal water-soluble Mn%*-doped ZnS quantum dots were
synthesised in our laboratory via the procedure described by He
et al. [25] with some slight modifications.

Mn2*-doped ZnS QDs show both phosphorescence and fluores-
cence emission that are affected by the manganese stoichiometry.
Thus, based on previous studies carried out in our laboratory to
optimize the amount of dopant added for the synthesis of the QDs,
a 3% Mn:ZnS QDs (% molar ratio Mn/Zn) was selected, which was
found to be the molar ratio of precursors that gives rise to the best
phosphorescence emission.

Briefly, the following procedure was then used: 50 mL of 0.02 M
L-cysteine, 5mL of 0.1 M ZnSOy, and 0.15 mL of 0.1 M MnCl, were
mixed in a beaker and pH was adjusted with NaOH 1M to pH
11. The mixture of the precursors was placed in a three-necked
flask and deoxygenated in an argon atmosphere under continuous
stirring for 30 min. Then, 5 mL of 0.1 M Na,S was swiftly injected
into the solution to allow the nucleation of the nanoparticles. The
mixture was stirred for 20 min, and then the solution was aged at
50°C under air for 2 h to improve the crystallinity of the L-cysteine
capped Mn2*-doped ZnS QDs. Purification of the QDs was carried
out by precipitation of the nanoparticles with ethanol in a cen-
trifuge at 5000 rpm for 5min (the procedure was repeated for 3
times). Finally, the QDs were dried under vacuum and stored under
inert argon atmosphere as a water-soluble brown solid powder.

2.3. Sol-gel synthesis procedure for Mn:ZnS QDs immobilization

Based on previous studies carried out in our laboratory
[26,27], sol-gels were synthesised by trapping QDs into the
sol-gel matrix during the polymerization process. For this
purpose, sol-gels were prepared by using different ratios of
(3-aminopropyl)triethoxysilane (APTES) and tetramethoxysilane
(TMOS) as silica precursors, ethanol and water as solvents, N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC)
to retain the nanoparticles covalently bound to the sol-gel matrix,
and sodium hydroxide as catalizer for the polymerization process.

Reagents were added under constant stirring in the following
order: 2.5 mL of ethanol was mixed with 1 mL of Mn:ZnS QDs in
aqueous phosphate buffer pH 7.4. Then, 750 L of APTES was added,
and immediately afterwards 100 wL EDC was added. Finally, 750 p.L
of TMOS and 50 p.L of sodium hydroxide 0.1 M were added to the
recipient. After homogenization of the mixture, the polymerization
process takes place and the mixture was left to dry for 2 weeks, until
a constant weight is achieved. The xerogel obtained is grinded in
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an agate mortar and a fraction between 200 and 250 wm is selected
for further experiments.

2.4. Instrumentation

Phosphorescence and fluorescence spectra were performed on
a Varian Cary Eclipse Luminescence spectrometer (Madrid, Spain),
equipped with a xenon discharge lamp. In order to measure the
solid sensing phase, the QDs-doped sol-gel fragmented particles
were directly packed into a conventional Hellma luminescence
flow-through cell made of quartz (Model 176.052-QS, Mullheim,
Germany) of 1.5mm of light path, as previously described [28].
A peristaltic pump (model Minipuls 2, Scharlab, Barcelona, Spain)
was used to generate the flow of the carrier solution through the
system. 0.8 mm i.d. PTFE tubes were used throughout the flow sys-
tem. All measurements were made at constant temperature (20 °C)
and atmospheric pressure.

3. Results and discussion
3.1. Immobilization of the phosphorescent QDs in a sol-gel matrix

During the development of the luminescent sensing materi-
als for acetone detection, the phosphorescent QDs, prepared as
described above, have been encapsulated into sol-gel matrices
by trapping the nanoparticles into the sol-gel silica matrix dur-
ing the polymerization process. Different synthetic routes reported
in the literature for sol-gel immobilization of QDs resulted in
undesirable heterogeneous matrix and problems of lixiviation of
the nanoparticles from the sol-gel, with the subsequent loose of
the luminescence (particularly important when the sol-gel was
exposed to a water flow). In order to solve such low stability of
the QDs-doped sol-gel materials different silica precursors can be
used for the synthesis of the sol-gels.

In this context, since the phosphorescent Mn:ZnS QDs here
employed are coated with a L-cysteine surface layer (for water sol-
ubilization), it was expected that the use of a precursor with an
amino functional group might reduce the lixiviation of the QDs due
to the generation of a covalent bond between the amino groups
from the sol-gel precursors and the carboxylic functional groups
from the L-cysteine.

For this purpose, different ratios of TMOS and APTES varying
from 17:83 to 83:17, respectively, and an excess of the carbodi-
imide (100:1 ratio EDC:QD) for the synthesis of the sol-gels were
employed and evaluated. During the sol-gel synthesis, 1 mL of the
phosphorescent QDs (50 mg L~1) were added to the polymerization
mixture. From these studies, it was observed that the addition order
of the reagents was significant in order to obtain homogeneous
sol-gels with optimum spectroscopic characteristics.

Once the sol-gels were dried, crunched and grinded, the lumi-
nescence characteristics of the QDs-doped sensing materials were
evaluated. To do that, the sol-gel particles were packed in the
flow-cell, as detailed in Section 2, and luminescence excitation
and emission spectra were registered. Photoluminescent measure-
ments of the QDs-doped sol-gel materials packed in the flow-cell
were carried out ensuring phosphorescent instrumental condi-
tions, with a delay time of 0.1 ms and a gate time of 5ms, and
excitation and emission wavelengths at 290 and 590 nm, respec-
tively. Fig. 1 shows the photoluminescence emission spectra of the
QDs before and after being entrapped into the sol-gel matrix. As
can be seen, the nanoparticles retain their optical properties after
immobilization.

As mentioned before, the dry QDs-doped sol-gels were
crunched and fragmented before used. Particles with diameters
between 80 and 300 um were selected using different sieves, and
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Fig. 1. Comparison of the emission spectra of Mn:ZnS QDs in solution (black line)
and incorporated in the sol-gel (grey line). As it can be observed, no spectral shift
of broadening of the luminescence emission has been observed. Light grey line is
referred to the emission spectra obtained from the blank of sol-gel (inorganic matrix
without quantum dots).

their phosphorescence emission compared. The optimum particle
diameter size, selected for further experiments, was found to be
between 200 and 250 wm, which is the size that provided a more
stable and intense luminescent signal when compared to the other
particle sizes evaluated. Smaller particle sizes can give rise to higher
intensity signals; however they were discarded due to the signifi-
cant problems of overpressure in the flow cell observed.

All of the different sol-gels synthesised, except those prepared
with the highest and the lowest APTES amount assayed, showed
a good behaviour in terms of stability, since no lixiviation of the
QDs was observed for long periods. However, the prepared sol-gels
showed different features in terms of maximum emission signal
(even considering that all of the sol-gel materials were synthe-
sised using the same amount of colloidal QDs in the polymerization
mixture). Results showed that the most intense phosphorescence
emission signal is obtained for a 57:43 (v/v) TMOS:APTES ratio, and
as such ratio increases or decreases, the intensity of the emission is
lower, suggesting that this is the best ratio. Nevertheless, in order
to select the optimum sol-gel for the determination of acetone, the
response of the different sol-gels to the presence of acetone was
also evaluated. For this purpose, the change on the luminescence
(quenching) observed for the different sol-gels when adding the
same amount of acetone (2.5%) was measured. Results are shown
in Fig. 2, where the ratio between the initial intensity (Ip) and the
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Fig. 2. Optimization of the APTES:TMOS ratio. Response of the different sol-gels to
the presence of the same concentration of acetone.
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Fig. 3. (A) Comparison of the emission spectra of Mn:ZnS QDs entrapped in sol-gel matrix in absence (grey line) or presence (black line) of water carrier. (B) Phosphorescent
signal of the sensing phase in the presence (black line) and absence (grey line) of dissolved oxygen in the carrier. (C) Lifetime of Mn:ZnS QDs immobilized onto the sol-gel

matrix.

intensity in the presence of acetone (I) is represented for the dif-
ferent sol-gels. The highest change on the signal produced for the
same concentration of acetone turned out to be for the sol-gel pre-
pared from a 50:50 ratio (v/v) APTES:TMOS precursors ratio. Thus,
taking into account the results obtained in both studies, a 50:50
(v/v)ratio of silica precursors was selected for further experiments.

3.2. Phosphorescent behaviour of QDs trapped in the sol-gels

Before analytical application of the sensing material, it was per-
formed a detailed study of the emission characteristics of the QDs
immobilized in the sol-gel matrix.

First of all, it is important to mention that, after synthesis of the
doped sol-gel materials, they were initially exposed to a UV lamp
(290 nm) for at least 1 h before use. Upon irradiation, the brightness
from the entrapped QDs was gradually recovered to a stable level,
and the stabilized emission profile was similar to that of the col-
loidal QDs in the original solution. This photoactivation was found
to be always necessary and resulted in an increase of the mea-
sured luminescence providing us reliable and reproducible sensing
phases for further studies. Although the mechanism which explains
this photoactivation is not clear, it is thought that a reconstruc-
tion of the surface atoms of the nanoparticle or an optimization of
surface-ligand passivation could take place leading to the observed
enhancement of the measured luminescence [29]. In this context,
during the first hour under a continuous excitation UV source an
amplification of about 40% of the luminescence emission from the
sol-gel sensing material has been observed until a constant value
is reached.

Another important key factor when designing a sensing phase is
the stability of immobilization of the sensing element in the solid
matrix. In this sense, the stability of the signal was evaluated for
long time periods. Results showed that phosphorescence emission
of the QDs is not altered even after several hours of measurement
in the flow system, which indicates that there is no lixiviation of the
nanoparticles from the solid support as the carrier passes through
the flow cell.

Thus, before using the sol-gels for acetone sensing they should
be efficiently photoactivated. Once the sensing phase was appropri-
ately photoactivated (a constant emission signal is observed with
the irradiation time), no significant changes were observed in the
luminescence emission properties from the Mn:ZnS QDs immobi-
lized in the sol-gel for, at least, 1 year (maximum period evaluated).

The sol-gels obtained presented high luminescence signal in
both, air and water flow keeping the main spectroscopic charac-
teristics of the QDs such as no shift on the maximum emission
wavelength and no broadening of the emission band (see Fig. 3A).

It is well known that traditional phosphorescence emission is
affected by the presence of molecular oxygen, which acts as a

quencher of the emission. In order to evaluate the eventual effect of
the presence of oxygen on the phosphorescence emission from the
sol-gel sensing material, its luminescence was recorded when an
oxygen-saturated water flow and a deoxygenated water flow (by
argon bubbling) was passed through the sensing phase. As it can
be observed in Fig. 3B, unexpectedly the phosphorescence emis-
sion from the Mn:ZnS QDs retained in the sol-gel material was not
significantly modified in the presence or absence of dissolved oxy-
gen. This is of course an advantageous feature when compared with
traditional phosphorescence emission where removal of oxygen is
mandatory [30].

Finally, the emission lifetime of the Mn:ZnS QDs immobilized
onto the sol-gel matrix was evaluated and adjusted to a double
exponential function, being the first and second lifetime compo-
nents 0.1 and 1.6 ms, respectively (see Fig. 3C). Such long decay
values are typical from a phosphorescence-type phenomenon.

3.3. Application of the sol-gel sensing material to acetone
determination

The study of the interaction of different chemical species with
the surface of colloidal QDs, widely reported in the literature,
has revealed that luminescence properties of these nanomateri-
als strongly depends on their surface atoms and their environment
[31]. In this sense, previous research carried out in our laboratory
has demonstrated the strong effect of the presence in the Mn:ZnS
QDs environment of acetone on the phosphorescence emission of
the colloidal Mn:ZnS QDs. This was the bases of the sol-gel sensing
material here synthesised.

First experiments to study the acetone effect on the lumines-
cent signal of the phosphorescent QDs were carried out using the
colloidal Mn:ZnS QDs in water media [32] It was observed that
the phosphorescence emission of the QDs decreased as microvol-
umes of acetone were added (a linear plot can be obtained through
the representation of the Stern-Volmer equation). This quenching
effect was attributed to the generation of an oxazolidone cycle, and
further formation of an imine acting as an efficient electron accep-
tor. As consequence, an electron transfer process from the QDs to
the imine produces a decrease on the measured phosphorescence
[32]. The proposed quenching mechanism is based on the known
role of acetone as electrophile group, and according to the nature
of the surface-coating of the QDs with L-cysteine, which would
give rise to the generation of an imine and, later, probably to a
non-charged oxazolidone cycle. In order to prove such mechanism
for acetone-quenching we have carried out RMN and IR experi-
ments, but, unfortunately, without conclusive results. Therefore,
Z-potential experiments were performed, and we could confirm
that there is a change on the surface charge of the QDs, which is in
agreement with the proposed mechanism.
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Fig. 4. Experimental set up used for all the measurements.

Considering that the quenching on the emission of the QDs
is attributed to an interaction of the ketone group with the cys-
teine molecules that are in the surface of the nanoparticle, before
the development and characterization of the sensing material, it
was necessary to evaluate if the QDs signal is still affected by the
presence of acetone when they are covalently immobilized inside
the solid sol-gel matrix. To evaluate the effect of the exposure of
the Mn:ZnS QDs when they were entrapped in the sol-gel matri-
ces to acetone, a conventional flow system designed continuous
monitoring of acetone in water was designed (see Fig. 4). The syn-
thesised sol-gel materials doped with the QDs were packed in
a conventional flow through cell and the phosphorescence sig-
nal was continuously measured in a luminometer as described in
previous papers [33,34]. The carrier employed for the measure-
ments was Milli-Q water, and once the emission of the immobilized
Mn:ZnS QDs was stable, increasing amounts of acetone dissolved
in water were injected in the system. As discussed before, prior to
the acetone exposures, the sensor were phototreated under 290 nm
irradiation.

As it can be observed in Fig. 5, the QDs entrapped in the sol-gel
matrix are capable to interact with acetone dissolved in the water
flow (a growing quenching effect on the phosphorescence from
the QDs entrapped in the sol-gel is observed in the presence of
increasing concentrations of acetone). In fact, it was observed that
the response of the active sensing phase was linear in a wide range
of acetone concentrations. Furthermore, an advantageous feature
is that the emission signal is recovered to the base line without
the addition of any regenerator, which makes the sensing phase

% acetone
e .

1 2% 10% 20% 30% 40% 50%
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Time (min)

Fig. 5. Effect of increasing concentrations of acetone in a water flow on the QDs
immobilized on a sol-gel support.
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Fig. 6. Effect of acetone and other hydrocarbons (50% concentration) present in a
water flow over the emission signal of the sensing phase.

suitable for the potential design of a reversible sensor for water
dissolved acetone.

The analytical performance characteristics of the method were
evaluated under optimum conditions. Calibration graphs were
prepared from the results of triplicate measurements of acetone
standard water solutions of increasing concentration from 0.5%
(v/v) up to 50% (v/v). The detection limit, calculated as the con-
centration of acetone which produced an analytical signal 3 times
the standard deviation of 10 injections of a blank, turned out to be
0.16% (v/v) of acetone dissolved in water. The precision of the pro-
posed method was evaluated as the relative standard deviation of
three replicates of a sample containing 1% and 20% of acetone and
turned out to be +0.3% and +0.2%, respectively.

It is important to mention that most of the analytical proce-
dures for acetone determination are based on relatively complex
and tedious chromatographic methods, which also require previ-
ous derivatization steps, allowing high sensitivity and selectivity.
Moreover, other procedures have been also described for the
determination of carbonyl compounds in water samples based
on spectrophotometry, fluorimetry and chemiluminescence. How-
ever, we propose a screening method to detect ketones in water
samples, using acetone as a model analyte. The proposed method-
ology is very simple and does not need any other sample treatment
than a filtration to remove big solid particles.

Any eventual further application of the designed sensing phase
for the determination of acetone should ensure that it is unaffected
by the presence of other species that might be present in real sam-
ples. In this sense, other organic compounds including methanol,
ethanol, 2-propanol, and acetonitrile have been evaluated. For this
purpose, monitorization of the phosphorescent signal when solu-
tions containing such organic compounds with concentrations up
to 50% passed through the sol-gel matrix have been carried out. As
it can be observed in Fig. 6, the presence of 50% acetone produces
a quenching of the signal, but the aforementioned compounds do
not quench the phosphorescence emission even at the maximum
concentration assayed of 50% (v/v) in water.

3.4. Real sample application

The proposed phosphorescent QDs-based sol-gel sensing mate-
rial was evaluated for the determination of acetone in natural water
samples (mineral, tap, fountain and river water) following the
general procedure. For this purpose, water samples were filtrated
through a 0.45 pum filter.

Water samples, spiked with acetone at a concentration levels
between 0.6% and 1%, were injected in the flow system, and the
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Table 1
Real sample analysis. Each result corresponds to the mean of three samples that
were previously spiked with known concentrations of acetone.

Type of sample Acetone spiked (%)  Acetone measured (%) Recovery (%)
Tap water 1 0.50 0.53 + 0.03 106
Tap water 2 0.75 0.79 + 0.08 105
Tap water 3 1.00 0.96 + 0.03 96
Mineral water 1 0.75 0.8 +0.1 107
Mineral water2  1.00 1.09 + 0.02 109
Mineral water 3 1.00 1.01 + 0.06 101
Fountain water 0.60 0.63 + 0.02 105
River water 0.75 0.71 + 0.03 95

signal was recorded as the acetone passed through the sensing
phase following the general procedure. Table 1 collects the results
for the phosphorescent determination of acetone. As it can be
observed, good recoveries for the determination of acetone were
obtained in all the samples thus indicating the suitability of the
proposed methodology for direct analysis of acetone in different
types of water samples.

4. Conclusions

In summary, a sensing material for dissolved acetone determi-
nations in water samples has been synthesised and characterized.
For such purpose, a very simple and general procedure for the
immobilization of phosphorescent Mn:ZnS QDs in a sol-gel matrix
has been described, keeping the luminescent features of the
nanoparticles unaltered after immobilization. The acetone sensing
phase is based on the measurement of the deactivation of the emis-
sion signal from phosphorescent Mn2*-doped ZnS QDs entrapped
inside a sol-gel matrix in the presence of the analyte.

The proposed methodology is very simple, fast, selective and
suitable for the measurement of the presence of dissolved acetone
in different types of water including river and sea water, tap, foun-
tain and commercial drinking water. In addition to the simplicity
of the developed method, it presents the advantage of no reagents
consumption once the sol-gels are prepared, since no reagents are
needed in order to perform the measurement or to recover the
emission signal of the sensing phase, thus enhancing the poten-
tial applicability of the proposed system for routine water acetone
analysis.

Moreover, it has been demonstrated that several factors that
have a strong influence over the classical phosphorescence emis-
sion do not modify the emission of the Mn:ZnS QDs, making this
sensing phase very robust for real sample applications.
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D.3 EVALUACION DE LA TOXICIDAD DE QUANTUM DOTS DE Mn:ZnS
RECUBIERTOS DE L-CISTEINA MEDIANTE ESTUDIOS IN VITRO.
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D.3.1 Introduccidn y objetivos

Como se ha puesto de manifiesto en la seccion A.6 de la presente Memoria, en la actualidad, la
incorporacién de nanomateriales tanto en procesos industriales como en productos y bienes de
consumo es una realidad que, ademas, ha supuesto un importante grado de desarrollo para los

sectores cientifico-tecnoldgicos de la Nanociencia y la Nanotecnologia.

En esta linea, los recientes avances en la sintesis y funcionalizacidon de las nanoparticulas han
supuesto una verdadera revolucién en el campo de la biomedicina, habiéndose desarrollado
hasta la fecha numerosas aplicaciones bioanaliticas basadas en el empleo de nanoparticulas (p.
ej. para imaging de células y tejidos, transporte y liberacién de medicamentos o deteccion de
moléculas de interés). En este contexto, los quantum dots son un tipo de nanoparticulas que
resultan muy atractivos debido a su elevada area superficial y sus propiedades
fotoluminiscentes, destacandose su elevada fotoestabilidad, sus anchos espectros de absorcidn

y su capacidad para modular la emisién en funcién de su composicidn y tamaiio.

Sin embargo, previamente a cualquier aplicacién de un nuevo material a estudios in vivo, se
precisa dar respuesta a ciertas cuestiones tales como la biocompatibilidad con los sistemas
bioldgicos de los nuevos materiales y su eventual efecto téxico. En este contexto, los QDs
tradicionales y mds estudiados (constituidos generalmente por un ntcleo de CdSe o CdTe) estan
compuestos por atomos de metales pesados que junto con su reducido tamafio constituyen dos
de los principales factores por los que pueden ser considerados potencialmente tdxicos para los
organismos vivos. Con el fin de superar estas limitaciones se han propuesto varias alternativas.
Por un lado, el empleo de recubrimientos superficiales mas resistentes y biocompatibles. Por
otro lado, los QDs dopados representan una alternativa ya que generalmente el semiconductor
que compone el ndcleo estd libre de metales pesados, y presentan unas propiedades
luminiscentes muy adecuadas para evitar los problemas de autofluorescencia de los medios

bioldgicos como se remarco en el capitulo anterior.

En este sentido, para estudiar la toxicidad inducida por nanoparticulas, los ensayos in vitro
resultan una herramienta muy interesantes porque principalmente, permiten reducir costes
pero ademas controlar y reproducir facilmente los ensayos seleccionados. Para estos ensayos,
las células se exponen directamente a los QDs contenidos en el medio de cultivo celular para,
posteriormente analizar parametros relacionados con la internalizacidn de las nanoparticulas en

las células y los efectos que se producen como consecuencia en los procesos celulares.
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Por todo lo expuesto hasta el momento, el objetivo principal de este capitulo consiste en valorar
la biocompatibilidad de los QDs de ZnS mediante estudios preliminares de toxicidad empleando

un modelo de ensayo in vitro.

Cabe resaltar que para llevar a cabo este objetivo, previamente a abordar los estudios de
toxicidad celular, resulta imprescindible la caracterizacidon exhaustiva de los d-dots que se ha
llevado a cabo en el primer capitulo de la presente Tesis Doctoral y que permite conocer
parametros, como el tamafio y la estabilidad de las NPs, que tienen gran importancia en la

entrada de los QDs y en su comportamiento intracelular.
El desarrollo de este objetivo consta de las siguientes etapas:

1. Evaluacién de la entrada y localizacion de los d-dots en células mediante el empleo de

microscopia confocal y la fosforescencia intrinseca de los d-dots.

2. Estimacién de la concentracion de quantum dots dopados contenida en el interior de las

células mediante el empleo de ICP-MS como técnica de andlisis elemental.

3. Estudio de los efectos citotéxicos producidos como consecuencia de la exposicién a
diferentes dosis de d-dots (diferentes concentraciones de QDs en el medio celular). Evaluacion
de cambios en las variables estudiadas: morfologia, viabilidad celular y alteraciones del ciclo

celular.

El articulo titulado: “In vitro evaluation of the cellular uptake and toxicity of engineered L-
cysteine capped Mn?*-doped ZnS quantum dots” enviado para su publicaciéon a la revista
especializada en nanomateriales Nanoscale de la Royal Society of Chemistrresume el trabajo y

conclusiones de los estudios destacados anteriormente para el tercer Capitulo de la Tesis.
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D.3.2 Articulo cientifico V

Nanoscale, enviado para publicacién (Octubre 2013)

Emma Sotelo-Gonzalez, Henar Mufoz-Cimadevilla, David Hevia, Maria T. Fernandez-Arguelles,
Rosa Sainz, Juan Carlos Mayo, Jose M. Costa-Fernandez, Alfredo Sanz-Medel.

E:Y
#q * T
ey
S ® {1
':<LU 2
P & I

195






RESULTADOS Y DISCUSION

In vitro evaluation of the cellular uptake and toxicity of
engineered L-cysteine capped Mn**-doped ZnS

quantum dots

Emma Sotelo-Gonzalez®*, Henar Mufioz-Cimadevilla®#, David Hevia®®", Maria T.

Fernandez-Arguelles?, Rosa Sainz>¢, Juan Carlos Mayo®*, Jose M. Costa-Fernandez® and

Alfredo Sanz-Medel®*

“Department of Physical and Analytical Chemistry, Faculty of Chemistry, Universidad
de Oviedo, E-330006, Oviedo, Spain.

bDepartment of Cellular Morphology and Biology, Faculty of Medicine, Universidad de
Oviedo, E-33006, Oviedo, Spain

“Instituto Universitario de Oncologia of Principado de Asturias (IUOPA), Oviedo, Spain

¥ Both authors contributed equally to this work

) corresponding authors

197



RESULTADOS Y DISCUSION

ABSTRACT

Metal-doped ZnS nanoparticles, exhibiting a phosphorescence-like emission, are
currently used in several fields including biomedical applications, although no conclusive
information on their eventual cytotoxicity is available.

Herein, possible cytotoxicity of such water-soluble phosphorescent nanoparticles,
surface stabilized with cysteine molecules, has been investigated in detail. The behaviour
of mouse embryonic fibroblast, NIH3T3, cells to the exposure to the Mn?" doped ZnS
QDs have been investigated using in vitro studies.

After incubation of the cells with different amounts of Mn:ZnS quantum dots at
different exposure times, the cellular uptake and quantum dots location have been
assessed and quantified. For all cases, quantitative values for the nanoparticle uptake by
the cells are given.

Different complementary analytical techniques have been employed and obtained
values are correlated with microscope images in which the uptake of the particles by the
cells has been also investigated. Our data suggest that quantum dots are trapped in
intracellular organelles and outside of the cell nucleus. The presence in the culture media
of medium to high levels of QDs does not affect the morphology of the NIH3T3.
However, after long exposure times to the QDs a severe cellular damage has been

observed.

Keywords: doped Quantum dots; Nanoparticles, Phosphorescence; in vitro toxicity.
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Introduction

Engineered nanoparticles (NPs) integrated with imaging modalities (such as
photoluminescence) and therapeutic drugs are promising candidates for diseases
diagnostics and therapy. Among the different types of nanoparticles available, the
excellent optical properties exhibited by colloidal metal semiconductor nanocrystals
(known as “quantum dots”, QDs) make them a highly valuable alternative to organic
luminescent dyes for labelling biomolecules and for non-invasive and long-term imaging
of tissues. 2 However, while imaging of tumour cells has been the one major focus in
engineering nanoparticle probes, biocompatibility of the nanoparticles and minimal
toxicity are two crucial aspects to be considered before any eventual clinical application.
Since nanoparticles are different from their respective bulk material due to their size, it is
necessary to ask for potential risks arising not only from their chemical composition but
particularly from their small size.

Traditional QDs are composed of atoms from the periodic groups II-VI, III-V or
IV-VL.* Their nanometric size and their inherent chemical composition, often comprising
heavy metals like cadmium, lead or arsenic (which might be toxic if they are released in
the cell media), have generated a great concern about the potential toxicity of this class
of nanoparticles™¢. To overcome these limitations, several different alternatives have been
proposed, including the search for more biocompatible and robust QD coatings’ or the
synthesis of semiconductor nanoparticles with cores made of less toxic agents (e.g. ZnS
or ZnSe).%?

On the other hand, the intentional introduction of transition metal impurities in
semiconductor nanocrystals (doped quantum dots, d-dots) is an attractive approach for
tuning quantum dot photoluminescence emission.!® Particularly, doping ZnS quantum
dots with Mn?" (Mn:ZnS QDs) results in a phosphorescence-type emission, attributed to
the incorporation of manganese ions within the nanocrystal structure. Mn:ZnS QDs
photoluminescence properties include both, large Stokes shifts and longer lifetimes
(better than traditional fluorescent QDs).!! Hence, it is possible to avoid typical problems
in biological and biomedical applications related to high autofluorescence backgrounds,
affecting significantly to the sensitivity and selectivity of such bioanalytical applications.

Therefore, as compared to the conventional Cd-based QDs typically used as
fluorescent labels, Mn:ZnS QDs are expected to be more suitable for bioimaging

applications because, in addition to the inherent advantages of phosphorescence emission,
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these nanoparticles are cadmium free, and therefore, they are expected to be less toxic.>!2
However, up to date, there are only very few studies, exhibiting contradictory results,
dealing with the toxic effects of the exposure of cells to ZnS QDs.>!3-1¢

Overall, in vitro studies are a common approach to evaluate the toxicity of any
nanoparticle prior in vivo studies because these experiments are faster, cheaper and
allowing a better control of the conditions than in vivo assessments.!”!® For in vitro
studies, cultured cells are exposed to solutions containing nanoparticles and some
parameters such as cell viability and biochemical processes involve in toxicity
mechanism are assessed.!” Cytotoxicity depends on several parameters like incubation
conditions (concentration of NPs and exposition time), cell line type, assays used and
parameters evaluated. '*-%!

In this context, in the present work, we have studied the interaction of L-cysteine
capped Mn?* doped ZnS QDs on fibroblast cells in order to evaluate the potential toxicity
effect of this type of nanoparticles. For this purpose, murine fibroblast cells (NIH3T3)
were used as model to check in vitro toxicity as previous step to future animal studies.
After cells exposition to L-cysteine Mn:ZnS quantum dots, we have assessed the
internalization and the localization of the d-dots by confocal fluorescence microscopy and
phosphorescence. The intracellular doped QDs concentration was estimated by
inductively coupled plasma mass spectrometry (ICP-MS) monitoring both metals,
manganese and zinc. In addition, in vitro cytotoxicity was evaluated. For this purpose,

several complementary toxicological assays were carried out to obtain information about

the cells responses after QDs interactions at different concentrations and exposition times.

Experimental
1. Synthesis of Mn:ZnS QDs

QDs were obtained following a procedure described by He er al?* with slight
modifications. Typically, the capping agent L-cysteine (50 mL, 0.02 M), and the metallic
precursors ZnClz (5 mL, 0.1 M) and MnCl; (0.15 mL, 0.1 M) were mixed in a beaker and
pH was adjusted with NaOH 1 M to pH 11. The solution was placed in a three-necked
flask and deoxygenated in an argon atmosphere under continuous stirring for 30 min.
Then, the sulfur precursor Na,S (5 mL, 0.1 M) were swiftly injected into the solution to
allow the nucleation of the nanoparticles. The mixture was stirred for 20 min, and then

the solution was aged at 50 C under air for 2 h to improve the crystalline structure of the
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L-cysteine capped Mn:ZnS QDs. Purification of the QDs was carried out by precipitation
of the nanoparticles with ethanol in a centrifuge at 5000 rpm for 5 min (the procedure was
repeated for 3 times). Finally, the QDs were dried under vacuum and stored under inert

argon atmosphere as a water soluble brown solid powder.

2. Characterization of the Mn?** doped ZnS QDs

The morphology and nanostructure of doped QDs were characterized with a high
resolution transmission electron microscope (HR TEM) JEOL JEM 2100 (Tokyo, Japan)
and advance diffractometer (Bruker AXS, Karlsruhe, Germany). FT-IR spectra were
collected in a Varian 670 IR FT-IR spectrometer using attenuate total reflectance
measurements. Z-potential was measured with a Zetasizer NanoZS (Malvern Instruments

Ltd., Worcestershire, United Kingdom) using colloidal QDs in aqueous solution.

3. Study of the interaction of doped QDs and NIH3T3 cells

3.1. Cell growth and viability assays. Cell growth was evaluated by Hoechst staining.
Cells were seeded in a 96 well plates at a density of 25,000 cells mL™!' of complete media.
They were allowed to attach overnight and then incubated with the adequate treatment
for the times indicated. After 48 hours, media was removed and cells were frozen at -
80°C. After thawing, 100 pL of ddH20O was added to each well and cells were incubated
1 hour at RT. After that, cells were frozen once more to ensure cell lysis. Finally, cells
were incubated with 20 pg/mL of Hoechst 33258 in TNE buffer (10 mM Tris pH 7.4, 2
M NaCl) for 1 hour at 37°C. Fluorescence was measured in an automatic microplate
reader (nQuant, Biotek, Winooski, VT, USA) at 350 nm excitation / 460 nm emission
filters. Results are shown as the media of six independent samples.

Cell viability determination was evaluated by MTT reduction assay. Briefly, 2,500 cells
per well were seeded in 96-multiwell plates. Cells were left to attach overnight and
incubation with several concentrations of freeze-dried beer. Forty-eight hours later, MTT
from a stock solution (5 mg mL™! in H>0) at a final concentration of 1 mg mL™! was added.
Plates were incubated 4 hour at 37°C. Lysing buffer (20% SDS, 50% N,N-
dimethylformamide, pH 4.7) was added and cells were incubated overnight at 37°C.
Samples were read on automatic microplate reader (uQuant, Biotek, Winooski, VT, USA)
reader at a wavelength of 570 nm. Results are shown as the media of six independent

samples.
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3.2. Cell cycle analysis. Cells were seeded in 100 mm dishes and cultured in DMEM
supplemented with 10% FBSch. After harvesting, cells were stained with 500 pL
propidium iodide (PI) staining solution (100png mL™! PI, 1000 Kunitz RNase—DNase free
in DPBS plus glucose) for 30 minutes at room temperature in darkness. At least, 20,000
nuclei were analyzed by using a Becton—Dickinson Immunocytometry Systems FACStar

Plus flow cytometer, equipped with an argon-ion laser.

3.3. Immunoblotting. After being treated, the cells were washed with ice-cold PBS and
lysed in RIPA lysis buffer containing 1 mM dithiothreitol and the protease inhibitors 10
ug mL! leupeptin, 2 pg mL 'aprotinin, and 1 ug mL™! pepstatin and 200 pM sodium
orthovanadate and 1 mM phenylmethylsulfonyl fluoride. Total protein lysates were
clarified by centrifugation at 13,000 g for 15 min at 4 °C and protein was quantified using
Bradford reagent. Protein was subjected to SDS-PAGE and electrophoretic transfer to
polyvinylidene difluoride membrane (Millipore, Billerica, MA, USA). The following
antibodies were used: Anti-Bcl2 (Calbiochem, Merck Chemicals Ltd, Nottingham, UK),
Anti-BAX (Santa Cruz Biotechnologies (Santa Cruz, California, USA) Calbiochem),
proliferation cell nuclear antigen (PCNA, Santa Cruz Biotechnology). Primary antibodies
were visualized by binding of horseradish peroxidase-conjugated antimouse
(Calbiochem), or anti-rabbit (Cell Signaling, Danvers, MA, USA) secondary antibodies
and detected with chemiluminescence substrate (Millipore). Blots were scanned (300 dpi

gray scale).

3.4. Fluorescence microscopy. NIH3T3 cells were grown on Thermanox coverslides
inside plates. After treatment, cells growth out of cover slides were used to trypan blue
assay and cells growth inside cover slides were used to fluorescence microscopy. So, for
trypan blue assay, cells after tripsinization were stained with trypan blue (Sigma-Aldrich,
USA) and counted in a hemacytometer (Hausser scientific, Horsham, PA) under
microscope (Leica Microsystem Gmbh). After treatment, confocal microscopy (Leica
TCS AOBS SP2)-40x objective (NA 1.25-0.75) was used to acquire images of cover-

slides.

3.5. Evaluation of QDs uptake. The QD solution was removed from the plates and the

cells were washed twice with PBS to remove any extracellular QDs. Once obtained the
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cellular pellet, cells were counted by hemocytometer and lysed in cold water by two
cycles of freeze-thaw, in the last cycle the complete lysed was checked under microscopy.

All phosphorescent measurements were performed at room temperature with a
50 puL quartz cuvette (Hellma, Germany) on a Varian Cary Eclipse fluorescence
spectrometer (Madrid, Spain). Quantum dots were excited at a wavelength of 300 nm and
photoluminescence was collected at optimized phosphorescence instrumental conditions,
with a delay time of 0.1 ms and a gate time of 2 ms. Excitation/emission slits were set on
20/20 and 700 V of PMT power.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS) measurements were
carried out on a high resolution double focusing ICP-MS Element 2 (Thermo Scientific,
Bremen, Germany. Equal number of cells (45.000 cells) were subjected to elemental
analysis by inductively coupled mass spectrometry. Prior to ICP-MS measurements, QDs
digestion is required. The samples were digested with 1 mL of subboiled nitric acid 1:2
(v/v). By monitoring the isotopes 66 and 55 of Zn and Mn, respectively, the concentration
of QDs was determined. Ga-71 was used as an internal standard.

For the estimation of cell volume, NIH3T3 cells were processed according to a
new protocol previously developed in our laboratory. Briefly, coverslips were placed
inside culture dishes (6 well-plates, BD Biosciences, New Jersey, USA). Then, cells were
seeded at 5x10* cells ml"' and let to further attach for 48h inside incubator. Coverslips
(Menzel-Glaser, Germany) were washed with 2 ml of fresh complete RPMI medium
containing 0.2% FBS. Then, 20 pl of acridine orange (1 mg/ml) was added to each well
plate and stained for 10 minutes at RT. After that, each coverslip with cells attached were
placed upside-down on a clean slide. After mounting, cells were observed under confocal
microscopy. Series of 1 um depth consecutive images were captured with a 40x objective
in a confocal microscopy (Leica TCS AOBS SP2, Germany) and stored for further
processing. Signal was detected at 506-590 nm. To ensure reproducibility, same process
as described was repeated until a minimum of 100 cells were analyzed. Then images were
processed by using ‘3D Imaris’ software and all geometric parameter were acquired by

computer.
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Results and discussion

1. Morphological and luminescent characterization of Mn:ZnS QDs

L-Cysteine capped Mn:ZnS QDs were obtained in the laboratory by following a synthetic
route described in the Experimental section. The nanoparticles synthesised were
morphologically and chemically characterized because the quantum dots-cell interaction
and the further mobility and biodistribution of the d-dots depends on several factors
including the size and surface coating properties and the formation of agglomerates which
can result in local accumulations or sedimentation.?

First of all, the size of the nanoparticles has been estimated using transmission
electron microscopy (TEM). Figure la shows a high resolution TEM image of Mn:ZnS
QDs disperse in water solution with a rather uniform nanoparticle size (3.5 = 0.5 nm) and
spherical shape.

X-ray diffraction patterns obtained from QDs powder are given in Figure 1b. The
diffraction peaks can be indexed as crystalline cubic ZnS phase (blende) though a small
percentage of another nanostructure is generated during the doping process with Mn.?

FT-IR spectroscopy was also performed in order to obtain information about the
QDs coating. The FTIR spectra of the L-Cysteine molecules and Mn:ZnS QDs (showed
in Fig. Ic) confirms that L-cysteine is attached to the surface of QDs through the thiol
group, due to the great affinity between sulphur and metal ions like Zn. Thus, QDs
solubility is owed to the orientation of free carboxylic and amine groups of the ligands to
the solution phase. The orientation of the capping agents has been further confirmed by
measurements of the Z-potential of the d-dots. At acidic pH media (5.5), solutions
containing Mn:ZnS QDs exhibit a positive and high value Z-potential (+24 mV)
confirming the presence of positive charges on the surface of the QDs, due to the
protonation of the amine group. Moreover, such high Z-potential value certifies the high
stability of the d-dots in colloidal aqueous solutions.

The photoluminescence spectra of Mn:ZnS QDs are shown in Fig. 1d. An intense
emission peak at 590 nm is observed, which corresponds to the well-known energetic
transitions from Mn (*T1-°A). The emission measurements were carried out ensuring
phosphorescence instrumental conditions (emission was registered at a delay time after
excitation). Fluorescence emission from the doped-QDs (typical from the ZnS core,

centred on 420 nm) is also observed. However, such fluorescent emission is very weak
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as a result of the highly efficient doping process of d-dots (Mn incorporation in the
nanocrystal produces a fluorescence quenching effect).

Elemental composition of the doped QDs was determined by using elemental
inductively coupled mass spectrometry (ICP-MS). The isotopes of the elements that
eventually constitute the nanoparticles, e.g.: *2S, ®Zn and Mn were measured
confirming the presence of core components, Mn, Zn and S, in the nanoparticles.
Moreover, quantification of the Zn amount by ICP-MS allowed the quantitative

determination of Mn:ZnS QDs present in samples used as culture media.

2. Cellular uptake and localization

Intracellular location of QDs should be evaluated for estimation of the cell toxicity.?
Nevertheless, both localization and quantification of NPs uptake in cells presents
significant analytical challenges. Therefore, three different strategies were used here in
order to obtain such crucial information about the extent of doped QDs taken up by cells
as well as their intracellular distribution.

The intrinsic luminescence of the doped QDs was used to identify the intracellular
localization of Mn:ZnS QDs in mouse embryonic fibroblast NIH3T3 cells after 24, 48
and 72 hours of exposure via fluorescent imaging using confocal laser scanning
microscopy. The QDs concentration used in this experiment was the highest assayed (8.1
uM) to ensure a detectable emission signal from QDs present inside cells. The confocal
fluorescence images of d-dots observed in Fig. 2 indicated that already only after 24 hours
of incubation (2B), nanoparticles were located inside the cells and randomly distributed
through the cytoplasmic area. No specific interactions with sub-cellular organelles have
been observed nor their presence inside nucleus. These data are in concordance with
previous results obtained in murine and rat cells with CdTe QDs.? Interestingly, after 48
hours (2C), images show that doped QDs are predominantly accumulated around the
perinuclear area. During the first 48 hours, NIH3T3 cells show a normal morphology
although they grow less than control cells. When exposition time is prolonging to 72
hours, a high cellular death was observed (the emission of subcellular fragments
containing d-dots is shown in Figure 2D). Previous reports about toxicity of ZnS QDs in
human endothelial cells (EA hy926) have shown that these QDs are not toxic under 10
uM at least when cells were cultured up to six days.?® However in our experiments, we

have observed that Mn:ZnS QDs in NIH3T3 cells are already toxic at a 8.1 uM
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concentration level when these cells were cultured for 72h. It should be noted that the
nanomaterials used in our studies exhibit limited long term stability due to the unstable
surface coating (mono-tiol alkyl ligands). This instability could be even higher in
complex biological media. Therefore, any measurable deleterious effects on cell viability
could be attributed to the surface coating (e.g. detachment of the ligands and aggregation
in the cell media) and not to the QD core itself.

Another approach carried out to evaluate the uptake of quantum dots was to
measure the phosphorescence emission of the nanoparticles, avoiding the interference of
cell autofluorescent backgrounds. In these experiments the phosphorescence intensity
from the doped QDs was only used to provide qualitative information about QDs uptake
by cells. Prior to analysis, cells were washed with PBS to remove non-internalized QDs
from cell surface and then, RTP emission from all d-dots contained in lysed cells was
measured. In this case it can be deduced from confocal images that all the QDs
contributing to RTP emission come from cytosol.

Phosphorescence emission of cell samples was recorded after 1, 2, 4, 12, 18 and 24
hours of treatment. As it can be observed in Fig. 3, phosphorescence measurements of
lysed cells allows to confirm the presence of Mn:ZnS QDs inside cells. Moreover, d-dots
emission intensity increases upon more exposition hours so this fact indicate QDs are
gradually taken up by cells over time. For the longer exposition times assayed (48 and 72
hours) the beginning of cellular death process was observed. Therefore, although
phosphorescence emission was also registered, it was not represented in the scheme
because it lacks of representatively (a high variability was observed in the registered
signals).

In order to perform the quantification of the nanoparticles taken up by cells ICP-
MS detection was selected, as it offers a high sensitivity (due to large number of metal
atoms that can be detected per nanoparticle), high robustness and low matrix effects. The
amount of Mn:ZnS quantum dots was measured monitoring the Mn and Zn contained in
samples (cellular pellet and supernatant media) for each concentration of nanoparticles
assayed (1.4, 2.7 and 5.4 uM) before the experiment and after 24 and 48 hours of
incubation.

The results shown in Fig. 4 confirm that the nanoparticle uptake depends on the
concentration of the QDs dose and the exposure time. Longer exposures were evaluated
but results were discarded because although it appears that an increase in cellular uptake

is occurring, in fact a trend in the data observed actually corresponds to an increase in cell
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death.?” By using a method previously reported in material and methods section NIH3T3
cell volume was estimated and therefore, we were able to calculate QDs concentration
inside cells. These values were found to be in the micromol range. Concentration of QDs
detected inside the cells after 48 hours was 5 times higher than at 24 hours. Furthermore,
such concentration measurements seem to indicate that cells can actively incorporate QDs

that are concentrated in the cytoplasm.

3. Cytotoxicity and cellular assays

A cytotoxicity assay was performed to evaluate whether QDs exposition to cells would
eventually produce modifications at the cellular level (e.g. due to NPs interactions with
cell components such as the membrane, mitochondria or nucleus). Since cytotoxicity of
QDs was found to be dose dependent®®, therefore the in vitro studies were carried out
ensuring a wide range of QDs concentrations used at different incubation times (24, 48
and 72 hours).

First, cell viability of NIH3T3 cells has been evaluated by analysing the metabolic
activity of cells using MTT assay and results are shown in Figure 5a. For low exposure
concentrations of d-dots (0.03-0.7 uM), at the initial stages of incubation, the presence of
nanoparticles induce NIH3T3 cell proliferation rather than cell death. Conversely, long-
time incubation times or high Mn:ZnS concentrations (even at the initial stages) induced
a significant inhibition in cell proliferation. These long-term toxicity could be explained
as result of an internal accumulation nanoparticles by NIH3T3 cells. Furthermore, trypan
blue exclusion technique showed a high viability in the first 48h, even when high
concentrations of QDs were used.

It is interesting to note that, conversely to other QDs with Cd cores, in our
experiments with Mn:ZnS no significant changes in cell morphology or structure were
observed after 48 hours of incubation time even at the highest concentrations used here.

Cell cycle and protein expression studies were carried out to confirm previous
information obtained by MTT assay and to provide further information about cellular
process when QDs are used in high concentration in culture medium of NIH3T3. Cell
cycle showed a significant halt in S phase at 24 hours and lower at 48h after treatment
with 5.4uM of QDs (Fig 5b). This is further confirmed by high levels of PCNA protein
at 24 hours (Fig 5c). However after 72 hours of treatment, a sub-GO phase appears thus
indicating of apoptosis events. Both anti-apoptotic (Bcl2) and pro-apoptotic (BAX)
proteins levels were analysed by western blotting. Ratio of BAX/Bcl2 is 4 times higher
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at 48 hours of treatment than in control cells. This result confirms that apoptosis event

occurs when NIH3T3 cells are treated with high concentration of QDs.

Conclusions

We propose the use of confocal microscopy, phosphorescence spectrometry and I[CP-MS
to motorize colloidal Mn-doped QDs (stabilized with L-cysteine) uptake in NIH3T3 cells
and to screen the eventual NPs toxicity.

We highlighted that cytotoxicity results can be better understood, thus more
correctly interpreted, when combined with cell interaction studies by confocal images and
ICP-MS techniques. In our work, confocal analysis showed that exposure of NIH3T3
cells to the colloidal Mn:ZnS QDs results in an internalization of the nanoparticles inside
the cells, after only few hours. The quantum dots were trapped in intracellular organelles
and outside of the cell nucleus. Moreover, the QDs uptake was quantified by ICP-MS,
revealing that the total Mn content in cells (from the Mn:ZnS QDs) increased in a time-
dependent manner without reaching a plateau in the first 24 h.

Moreover, our results revealed cytotoxicity only in cells treated for at least 72 h
with the Mn:ZnS QDs, while no cytotoxic effects was found in cells exposed to medium-
high levels of QDs (not significant damage of the morphology of the NIH3T3 cells was
observed).

Finally, cell cycle analysis of NIH3T3 cells after QDs treatment lead to NIH3T3
cells arrested in S phase which is consistent with the results obtained from proliferation

assays.
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LEGENDS OF THE FIGURES

Figure 1 High resolution TEM image of Mn:ZnS QDs disperse in water solution; (b) X-
ray diffraction patterns obtained from d-dots powder (the vertical lines denote the
diffraction peaks of cubic zinc blende structure, JCPDS no. 05-0566); (c) FTIR spectra
of the L-Cysteine amino acid (purple line) and the L-cysteine capped Mn:ZnS QDs (grey
line); (d) Absoption (dark grey line) and phosphorescence emission (light grey line)
spectra of Mn:ZnS QDs.

Figure 2. Confocal fluorescence images of NIH3T3 cells incubated without (a. control)

and with Mn:ZnS QDs for b) 24 h, ¢) 48 h and d) 72 h of exposition.

Figure 3. Phosphorescence emission intensities of cell samples recorded after 1, 2, 4, 12,
18 and 24 hours of treatment. The emission intensity was normalized with the cell

number.

Figure 4. Levels of QDs (pmol) detected inside the NIH3T3 cells incubated with Mn:ZnS

QDs for 24 and 48 at three different concentration levels.

Figure 5. (a) Cell viability of NIH3T3 cells evaluated by analysing their metabolic
activity using a MTT assay, (b) Cell cycle and protein expression studies, (c) Western
Blot analysis of PCNA, BAX and Bcl2 in NIH3T3 cells after 24 and 48 hours of

exposition.

211



7

RESULTADOS Y DISCUSION

Figure 1

(L1L)

(1)

(s]44]

(sd9) Aysusyui

('n'e) Aysuelu| esusoseloydsoyd

~1.00

d

M~

=
1

20 (degree)

T T T T T T T T T
250 300 350 400 450 500 550 600 650 700 750

© « 9_. <

(=] = = =]
\um ('n"e) eoueqiosqy g
n
Q
E
Q
-8
K
N
|8
&
=1
re
o
18
B
|8
L I ! f =

ey ('nve) Aysusgu)

Wavelength (nm)

Wavenumber {cm ’1)

212



RESULTADOS Y DISCUSION

Figure 2
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Figure 5
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CONCLUSIONES

Las principales conclusiones derivadas de la presente Tesis Doctoral pueden resumirse en los

siguientes puntos:

1. Se ha llevado a cabo la sintesis de quantum dots de sulfuro de zinc dopados con
manganeso (QDs de Mn:ZnS) modificando la relacién atdmica de Mn respecto a Zn empleados
en la mezcla de precursores. Las nanoparticulas sintetizadas empleando una relacién de 3 % (at.
Mn:Zn) en la mezcla de precursores han sido las mas apropiadas ya que presentan las mejores
propiedades luminiscentes en cuanto a largos tiempos de vida y alta intensidad de emisién
fosforescente, ademas de buena solubilidad en medios acuosos y alta pureza cristalina; por ello,
se seleccionaron estas nanoparticulas como las mas apropiadas. Por otro lado, el empleo de la
técnica de difraccion de rayos X (XRD) ha permitido conocer que los d-dots cristalizan en la fase
cubica tipo blenda. Sin embargo, se ha observado que el incremento la relacién Mn:Zn empleada
durante el proceso de sintesis, da lugar a nanoparticulas que presentan una menor solubilidad
en medios acuosos y un empeoramiento de las caracteristicas luminiscentes. Esto puede
atribuirse a la existencia de una segunda nanoestructura que cristaliza en otra fase (considerada

como una impureza) generada por el exceso de iones manganeso durante la sintesis.

2. Se ha llevado a cabo una caracterizacion exhaustiva de los QDs de Mn:ZnS estudiados
en la presente Tesis Doctoral. La combinacidn de técnicas de microscopia electrénica y de fuerza
atémica ha permitido conocer la morfologia de las nanoparticulas, que presentan forma de
esfera con diametro de nanoparticula de 3.5 nm. Se ha confirmado la disposicion de las
moléculas de L-cisteina (ligando superficial) en torno al nucleo de la nanoparticula y se ha
comprobado la estabilidad coloidal mediante medidas de potencial Z. Asimismo, se ha
confirmado la composicidn elemental de las nanoparticulas mediante medidas de EDX. Ademas,
se ha empleado el ICP-MS como herramienta para la cuantificacion de la composicion elemental
de los d-dots. Estas medidas han permitido conocer la relacién molar entre manganeso y zinc en

las nanoparticulas

Por otro lado, se han estudiado las propiedades luminiscentes de los QDs de Mn:ZnS mediante
medidas de su emisidén fluorescente, fosforescente y tiempo de vida media del proceso
luminiscente. Las medidas de fosforescencia han confirmado la presencia de los iones dopados
en un entorno adecuado ya que se observa la emision caracteristica de la transicién debida al
manganeso en torno a 590 nm. Igualmente se ha realizado un estudio de aquellas variables que

tipicamente afectan la emisién de las moléculas fosforescentes. Unicamente se ha observado
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que la luminiscencia de los d-dots se ve afectada por el pH del medio, aunque esta influencia se

debe al efecto del pH sobre los ligandos superficiales que recubren los quantum dots.

3. Se ha diseflado una metodologia sencilla para la determinacidon de acetona (como
analito modelo) en muestras reales (aguas contaminadas y en orina) basada en medidas de la
desactivacion de la emisién fosforescente de los QDs de Mn:ZnS como consecuencia de la
interaccion directa entre el analito de interés y los QDs presentes en el medio de analisis.
Ademas se ha propuesto un mecanismo que explica el efecto de la acetona sobre las moléculas
de L-cisteina, que actian como ligandos superficiales en los d-dots, responsable del proceso de

desactivacion de la emisidn fosforescente de los mismos (sefial analitica registrada).

4. Se ha llevado a cabo la inmovilizacién de QDs de Mn:ZnS en una matriz inorganica sol-
gel para desarrollar una nueva fase sensora fosforescente, basada en la metodologia puesta a
punto anteriormente en nuestro Grupo de Investigacién. Se han examinado las propiedades
luminiscentes de la fase sensora obtenida y se ha evaluado su aplicabilidad para la deteccién y
monitorizacién de acetona en muestras acuosas, comprobado la selectividad de la misma frente

a otros compuestos organicos que podrian interferir en el andlisis de las muestras reales.

5. Se han iniciado estudios dirigidos a conocer el comportamiento de los QDs de Mn:ZnS
en medios celulares. La investigacidén se centrd por un lado en la evaluacion de la entrada y
localizacién de las nanoparticulas tras la exposicién de cultivos celulares in vitro a las
nanoparticulas. Para ello, se empled la luminiscencia intrinseca de los d-dots y se cuantificd su
concentracion intracelular mediante el empleo de ICP-MS. Por otro lado, se han estudiado los
efectos producidos en las células como consecuencia de la exposicidn a los d-dots y se comprobd
la dependencia entre la toxicidad inducida con la dosis de NPs (concentracidén de nanoparticulas

en los cultivos celulares) y el tiempo de incubacién.
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SUGERENCIAS PARA TRABAJOS FUTUROS

A partir de los resultados obtenidos a lo largo de esta Tesis Doctoral y considerando las
conclusiones expuestas anteriormente, es posible sugerir algunas lineas de investigacion futura

en este campo, ente las que destacamos:

1. Evaluacion de nuevas modificaciones superficiales de los QDs de Mn:ZnS para obtener
una mejor estabilidad coloidal. En esta Tesis hemos evaluado las caracteristicas de los QDs
Mn:ZnS recubiertos con el aminodcido L-cisteina como ligando superficial. Empleando la
estrategia de intercambio de ligandos seria posible lograr, de forma sencilla, otro tipo de
modificaciones superficiales de la misma naturaleza pero que pueden otorgar mayor estabilidad

coloidal a los d-dots, como ligandos bidentados (DHLA) o cadenas de polietilienglicol (PEG).

2. Empleo de los quantum dots de Mn:ZnS como indicadores pasivos. Las metodologias
basadas en medidas de la emisién fosforescente resultan de especial interés en bioandlisis ya
gue minimizan problemas tipicos de la fluorescencia tales como los altos fondos espectrales
debido a la autofluorescencia de los medios biolédgicos. Sin embargo, el empleo de los d-dots
como marcas fosforescentes en aplicaciones bioanaliticas requiere su conjugacion a elementos
de reconocimiento apropiados selectivos al analito de interés. Los recubrimientos empleados
para solubilizar los quantum dots ofrecen ademads, la versatilidad necesaria para permitir la
conjugacién de biomoléculas que actien como elementos de reconocimiento. Aunando las
excepcionales caracteristicas luminiscentes de los quantum dots dopados con manganeso y la
selectividad hacia el analito proporcionado por el elemento de reconocimiento se puede
desarrollar una herramienta versatil para su empleo tanto en la cuantificacion de especies de
interés como su empleo como marcas luminiscentes para el desarrollo de aplicaciones de

imaging en medios bioldgicos.

3. Uso de la fase sensora basada en d-dots para la deteccidon de compuestos volatiles. En
la presente Tesis hemos demostrado las posibilidades que ofrece un soporte sélido tipo sol-gel
y dopado con QDs para el desarrollo de un sensor sensible a la presencia de acetona en muestras
acuosas. En la actualidad existe una fuerte demanda de sensores quimicos con capacidad de
reconocimiento rapido y especifico, en particular de especies volatiles. Particularmente, la
acetona es un compuesto altamente volatil cuya presencia debe ser controlada en ambientes
de trabajo ya que estd comprobado que puede producir efectos adversos para la salud. Por esta
razon, se propone emplear la estrategia de dopaje de matrices sol-gel con nanoparticulas
fosforescentes para desarrollar fases sensoras para la monitorizacién de compuestos volatiles

de la familia de las cetonas como método de screening sencillo, fiable y selectivo.
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4. Estudio de la influencia de los ligandos superficiales en la toxicidad de QDs de Mn:ZnS.
Varios trabajos han demostrado que existe una fuerte relacién entre la entrada de los QDs en
las células y la carga superficial de los QDs. Ademas, la carga superficial también influye en la
localizacién intracelular de las nanoparticulas y en los procesos bioldgicos y moleculares que se
produzcan en el interior celular. Por ello una posible linea de trabajo futura podria ir orientada
hacia la realizacién de una comparacion entre el comportamiento de d-dots modificados con L-
cisteina y con ligandos superficiales alternativos. Este tipo de estudios podrian aclarar los

mecanismos de entrada de los QDs en las células.
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INFORME DEL FACTOR DE IMPACTO

De acuerdo con el Reglamento de los Estudios de Doctorado aprobado por el Consejo de
Gobierno de la Universidad de Oviedo el 17 de Junio de 2013 (Boletin Oficial del Principado de
Asturias, nimero 146 de 25-VI-2013), para presentar la Tesis Doctoral como compendio de
publicaciones (articulo 27) la normativa exige incluir en la presente memoria “un informe con el
factor de impacto de las publicaciones presentadas junto con un detalle informativo sobre la
calidad de las mismas, basado en el indice de impacto y la posicion que ocupa la revista cientifica
dentro de una determinada categoria”. Dicho informe se recoge en la Tabla 3. Cabe destacar
que todos los trabajos cientificos derivados del trabajo realizado a lo largo de la Tesis Doctoral
han sido publicados en revistas cientificas internacionales de relevante prestigio, y ademas todas
ellas se encuentran situadas dentro del primer cuartil de su campo.

Tabla 3. Relacion de publicaciones derivadas de la presente Tesis Doctoral. Datos obtenidos del
Journal Citations Reports®

REFERENCIA INDICE DE IMPACTO POSICION
Quimica multidisciplinar
(20/152)
Nanoscale, 2013, 5, 9156-9161 6.233 (JRC 2012) Nar}ociencia y Nanotecnologia
(12/69)

Ciencia de los materiales,
multidisciplinar (19/239)

Analytica Chimica Acta, 2012, 4387 (JRC2012)  Quimica Analitica (7/75)

712, 120-126

Sensors and Actuators B, 2012, 3,535 (JRC2012)  Quimica Analitica (11/75)

174, 102-108

Analytical and Bioanalytical 3.778 (JRC2011)  Quimica Analitica (13/73)

Chemistry, 2011, 399, 29-42

Chemistry of Materials, 2013 multidisciplinar (13/239)
Quimica multidisciplinar
(20/152)

Enviado para publicacién a 6.233 (JRC 2012) Nanociencia y Nanotecnologia

Nanoscale, 2013 (12/69)

Ciencia de los materiales,
multidisciplinar (19/239)
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In-line measurement of dissolved acetone using a
nanoestructured optical sensor

M Valledor, JC Campo Rodriguez, F Ferrero Martin
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Universidad de Oviedo
Gijon, Spain
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Abstract—In this paper we present a method for measuring
dissolved acetone by employing a new sensor based on
luminescent nanocrystals and a ratiometric measurement. The
developed sensor shows an excitation peak at 280 nm and a long
lived emission at 590 nm by adding Mn in the synthesis process.
The sensor was immobilized in a low luminescent sol-gel matrix.
In presence of acetone, the intensity of the long lived emission
decreases; however, its decay time is always the same. A
measurement method based on employing the luminescence of
the solid support as reference is presented. Experimental results
have been obtained using a deep UV-LED as the excitation light
source and a lab prototype for measuring intensities and phase
shifts using GPIB instruments.

Semiconductor  nanoparticles;
ratiometric; luminescence

quantum  dots;  acetone;

I INTRODUCTION

Luminescent semiconductor nanocrystals, also known as
quantum dots (QDs), are a type of nanomaterials that presents
fascinating optical and electronic properties. These novel
materials are employed as high-valuable alternative
luminescent materials over conventional organic fluorophores
in numerous applications, such as direct analysis of ions, gases
or other compounds such as proteins. Their nanometric size is
the main responsible of their special features, including narrow
and symmetric size-tuneable emission spectra and high
fluorescent yields [1-2].

Recently, it was observed that, if certain metal impurities
are incorporated during nanoparticles synthesis,
phosphorescent quantum dots could be obtained [3-4]. These
nanoparticles show the same properties of common fluorescent
QDs, but also the advantages offered by phosphorescence-type
emission. The phosphorescent process is more selective, the
excitation and emission wavelengths show largest Stock shift,
and phosphorescent lifetimes are on the order of 10*-10
seconds so the instrumentation needed is less complex.

Acetone is a highly volatile chemical reagent which is
commonly analyzed in biological and environmental samples
[5]. The presence of acetone in the media is considered as a
weak pollutant but it may result from irritation of mucous
membranes to problems in the central nervous system. In facts,
acute and sub-acute effects have been reported when short-term
exposures to relatively low gas concentrations of acetone.
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Moreover, this is a metabolite present in low concentrations in
mammals as a result of body fats degradation. Recently their
use as a potential biomarker in biological samples —urine and
blood- have been signalled when an increase of acetone levels
involve diseases like Diabetes Mellitus or starving [6].

In this context, a procedure has been proposed for
immobilization of the Mn-doped ZnS QDs synthesized in a sol-
gel matrix. Sol-gel material is a type of solid support which
exhibits an important number of advantages in terms of high
rigidity, long-term stability, chemical inertness, optical
transparency and low probability of leaching.

The synthesised sol-gel material was coupled to a prototype
for the development of an in-line system for acetone sensing
based on phosphorescent quantum dots and luminescent
ratiometric measurements methods. The active phase is excited
by means of a light emitting diode (LED) at approximately 280
nm, exhibiting an intense phosphorescence emission dependent
on the Mn"™ concentration. The effect of acetone on the
luminescence of the quantum dots immobilized in a sol-gel
support was here studied in order to develop an electronic
prototype to control the concentration of this analyte in liquid
media.

The measurement principle of the developed laboratory
prototype is based on a ratiometric measurement to allow the
correction of unspecific experimental fluctuations that affect
single-intensity measurements such as movements of the
sensor, changes in the LED, variations in the optical path, etc.

II.  SENSOR AND MEASUREMENT PRINCIPLE

Mn-doped ZnS QDs were synthesized via the procedure
described in reference [4] with some slight modifications. The
most important one consists of reducing the Mn"?
concentration during the synthesis process nearly 20 times.
These nanoparticles show lifetimes of several milliseconds
much longer than fluorescent QDs and strong phosphorescence
emission peak at 590 nm -attributed to the transition of Mn(II)
*T1-°Al- and low fluorescence emission. Fig. 1 shows the
decay time when exciting the sensor with a 10 Hz square wave
and after averaging the result 128 times.

The luminescence decay fits well with an exponential
function. The decay time measured is 2.550 ms in water and it
does not show variations with the presence of acetone.
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Fig. 1. Luminescence decay of the sensor after exciting with a square-wave
modulated LED. Channel 1 shows the reference signal and channel 2 shows the
decay (signal averaged 128 times).

The phosphorescent QDs of ZnS doped with Mn'?
synthesised (coated with L-cysteine to allow their
solubilization in aqueous media) were explored to acetone
sensing. It was observed that acetone produces a deactivating
effect on the fluorescent emission of quantum dots. This effect
can be attributed to the formation of thioacetals. These
structures are very stable and quickly formed in the presence of
acetone. A reaction between acetone and L-cysteine thiol
groups or even the sulphur atoms which form the nanoparticle
core, leading to a destabilization of the structure of QDs,
results in the decrease of phosphorescent emission.

Immobilization of the colloidal phosphorescent QDs in
appropriate solid supports is needed to fabricate “active” solid
phases where their sensing and optical properties are retained,
(avoiding degradation or easy leaching into the solution). Sol-
gel material is a type of solid support which exhibit an
important number of advantages in terms of high rigidity, long-
term stability, chemical inertness, optical transparency, low
probability of leaching.

Fig. 2 shows the spectral response of the sensor when it is
immobilized in the solid support and the response of the
support without the sensor. The luminescence of the sensor at
590 nm is much higher than the luminescence of the support
and it depends on the acetone concentration (the peak near 300
nm is due to the tail of the spectral response of LED). The
decay time of the luminescence of the solid support is very
small (nanoseconds) compared to the decay time of the
luminescence due to the sensor.

To measure the acetone concentration based on the
variation of the luminescence at 590 nm, a ratiometric method
is proposed. Ratiometric techniques have emerged to reduce
the problems associated to intensity measurements and lifetime
measurements [7-14]. They are based on dual emission or dual
excitation indicators that possess separated spectral areas with
different behavior or in dynamic characteristics of the sensor.
Moreover the characteristics of the deep-UV LED [15-16] that
is used to excite de sensor increase the interest in using
ratiometric techniques.
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Fig. 2. Spectral response of the solid support and the solid support with the QD
based sensor when exciting with a 280 nm LED. (Obtained using an Ocean
Optics USB-2000+ spectrometer)

The technique proposed in this paper is based on employing
the luminescence of the support as reference and using only
one optical path.

If Iy, is the intensity of the luminescence response of the
solid support, I, is the intensity luminescent response of the
sensing phase at low frequency, the measured intensity at a
frequency f; is:

2747) +(1+m)
O L L (1)
2ar) +1
where 7 is the decay time of the long lived emission and m is:
m= [.ven (2)
I supp

If the responses /(f;) and I/(f;) are measured at two different
frequencies, f; and f,, m can be obtained:

m; =27t -

J_ a (gt + 1L -Ra(R)gnE -LAE
La (K)o P +[1(A)F - 2ar (5 )] = [1(5)F

3)

Another way to obtain the ratio m consists of measuring
the phase shift, ¢, between the excitation and the emission:

N C )
P tan(g)- 277

Only one phase shift is needed to obtain m.

tan(g) )

The sensitivity when measuring intensity is:

5,(f)= di(f) _ A2m+2) 5)
dm @afef +(+mP [ oo,
2\/ (afr) +1 [(27zf ) 1]

and the sensitivity when measuring phase shift is:
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III. EXPERIMENTAL RESULTS

In order to obtain in-line experimental results, the sensor
was introduced in a quartz tube surrounded by pore caps. A
peristaltic pump was used to pass a solution of water and
acetone at different concentrations. The flow rate was
maintained at 20 ml/min.

The LED used to excite the sensor is an UVTOP280. Its
peak wavelength is 280 nm. A photodiode with an orange
filter is used to measure the luminescence. Using this filter,
the maximum expected ratio m is around 4.

Quartz tube

\
Sensor 3

Flow out
Peristaltic

Photodiode

Plastic tube

Water+acetone

Fig. 3. Flow-cell configuration

Fig. 4 shows the block diagram of the equipment used to
obtain the results. A computer is used to control the GPIB
instruments and to show the results using LabVIEW. A
function generator provides the reference for a current-source
based LED driver. The luminescence is measured using a
Hamamatsu photodiode and a high gain I/V amplifier is used
for signal conditioning. A lock-in amplifier is used to measure
the amplitude of the response and the phase shift between the
reference and the emission.

To obtain the phase-shift based result only one
measurement is needed. The frequency for this measurement
has been obtained by calculating the frequency where the
sensitivity reaches the maximum value:

ds
W), o
af
The value obtained is:
m+1
=— 8
Tps 27t ®

Computer,
LabVIEW

National Instruments
GPIB-USB-HS

3

y

OSCILLOSCOPE
TEK 20128
KEITHLEY 3300 STANFORD RESEARCH
FUNTION SR830 LOCK-IN
GENERATOR AMPLIFIER
LED DRIVER N
[] [}
DEEP-UV LED FLOW
UVTOP280-HL-TO39 | ™|  CELL > PHOTODIODE

Fig. 4. Block diagram of the instrumentation

Since the expected values for m are between 3 and 4, and
the decay time is constant, the frequency used to modulate the
LED was 300 Hz. The sensitivity of the phases shift is 4.5
degrees/m (around 15% of the phase shift at the selected
frecuency).

When using the intensity based measurements, two
frequencies are needed. The prototype measures the amplitude
of the response at one frequency during several seconds and
then changes the frequency and measures the amplitude again.
The first frequency has been obtained following the same
procedure than for the previous measurement obtaining a
value of 0 Hz. Since the dc excitation is undesirable and the
lock-in amplifier does not offer very stable results at low
frequencies, a value of 70 Hz was used. The second frequency
was obtained by analyzing the effect of the propagation of an
error +x in measuring the amplitude. The result is that this
frequency should be highly enough so that the short decay
should be enough attenuated. For instance, this may be
achieved one decade above 1/(2nt). Due the bandwidth
characteristics of the I/V converter, a value of 450 Hz was
selected.

To measure the response to the acetone concentration,
several solutions of acetone in water have been prepared with
0%, 0.1%, 0.25%, 0.5%, 1%, 2.5%, 5% and 10% (v/v). These
solutions have been passed through the sensor using the flow
cell configuration shown in Fig. 3. After passing each solution,
pure water is passed through the sensor to study its recovering
characteristics. Fig. 5 shows the spectral response during the
essay saved at 30 seconds intervals. As can been seen, the
response at 590 nm suffer significant variations due to the
presence of acetone.
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Fig. 5. Spectral response during an essay consisting on passing solutions of
acetone in water with different concentrations.

Fig. 6 shows the m values obtained when using the intensity
based method. As can be seen, the m value decreases, as
expected, when the concentration of acetone increases, and the
sensor recovers its initial properties when the acetone is
removed. The response time is mainly affected by the flow-rate
of the peristaltic pump.
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Fig. 6. Evolution of the ratio between the sensor luminescence and the
support luminescence at different acetone concentrations using the intensity
based method.

IV. CONCLUSIONS

A ratiometric technique to measure acetone has been
presented employing a new quantum dots based sensor. This
sensor shows a long lived emission at 590 nm depending on the
acetone concentration. The luminescence of the support has
been employed as a reference signal to avoid fluctuations in the
results. Results have been obtained using an in-line scheme and
GPIB based equipment.

The limit of detection is around 2200 ppm. Although this is
enough for same applications [5], future works will be focusing
in reducing this limit so that other interesting ranges of acetone
concentration can be measured, such as biomarkers for animals
and human disease.
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