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inductivo / Inductively coupled plasma mass spectrometry
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Unidn internacional de quimica pura y aplicada / International
union of pure and applied chemistry

Cromatografia de liquidos / Liquid chromatography

Dosis letal media / Median lethal dose

Lactato deshidrogenasa / Lactate dehydrogenase

Extraccion liquido-liquido / Liquid-liquid extraction
Microextraccion en fase liquida / Liquid-phase microextraction

Resonancia de plasmon superficial localizado / Localized surface
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Microextraccién con adsorbentes empaquetados
/ Microextraction by packed sorbent
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dispersadas / Micellar nanoparticle dispersed electrokinetic
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Membranas de matriz mixta / Mixed matrix membranes

Nanoparticulas magnéticas / Magnetic nanoparticles
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MRI Imagen por resonancia magnética / Magnetic resonance imaging

MS Espectrometria de masas / Mass spectrometry
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MTT Bromuro de 3-(4,5-dimetiltiazol-2-il)-2,5 difeniltetrazolio
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Naciones Unidas / United Nations
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Objeto

El tamafio nanométrico de las nanoparticulas (NPs) les confiere unas
excelentes e inusuales propiedades fisicoquimicas que son explotadas en
diversas areas de aplicacion como la Electrénica, Biomedicina, Farmacia o
Ciencia de los Materiales. A su vez, los continuos avances en los métodos de
sintesis de las NPs, asi como en su aplicabilidad, proporcionan grandes
beneficios al ambito de la Quimica Analitica en tanto en cuanto suponen el
desarrollo de nuevos procedimientos analiticos o bien la mejora de otros ya
existentes. En este sentido, el tratamiento de muestra, la separacion
instrumental y la deteccién, constituyen las tres etapas dentro del
procedimiento analitico que pueden verse claramente beneficiadas por el

empleo de las NPs.

Sin embargo, las NPs también presentan una faceta negativa ya que, como
consecuencia de su producciéon masiva y uso creciente en la sociedad actual, son
liberadas continuamente al medio ambiente donde entran en contacto con el
medio abidtico y bidtico. Es por tanto necesario llevar a cabo una evaluaciéon
exhaustiva sobre los posibles efectos toxicos inherentes a las NPs que se estan

sintetizando y empleando actualmente.

También cabe mencionar que el comportamiento de las NPs en el medio
ambiente no es comparable al de otros contaminantes ya conocidos, y que
ademas, los protocolos de evaluacion toxicoldgica disponibles actualmente no
han sido convenientemente adaptados para su aplicacién al dmbito de las
particulas a escala nanométrica. Si ademas tenemos en cuenta el amplio
espectro de NPs existentes con propiedades fisicoquimicas variables, llegamos a
la conclusion de que la investigacion en cuanto a toxicidad de los

nanomateriales atin requiere mucho esfuerzo a dia de hoy.

Teniendo en cuenta lo anteriormente expuesto, los objetivos genéricos de

la Tesis Doctoral aqui presentada se centran, por un lado, en el desarrollo de
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Objeto

nuevas metodologias analiticas basadas en el empleo de NPs como

herramientas en las etapas de tratamiento de muestra y deteccién, y por otro

lado, en evaluar la toxicidad in vitro asociada a las NPs de plata y los nanotubos

de carbono bajo la influencia de diferentes factores condicionantes en la misma.

Estos objetivos genéricos se desglosan a su vez en las siguientes lineas de

investigacién mas especificas:

4

12

Investigar el papel desempefiado por las NPs de carbono (CNPs) cuando
son introducidas como fase adicional en las técnicas de extraccion
convencionales (en concreto, las extracciones punto de nube y liquido-
liquido) aplicadas a la determinacién de contaminantes de interés

medioambiental.

Disefar un procedimiento analitico sencillo basado en el empleo de CNPs
como adsorbentes de extraccion en fase sélida para determinar un

compuesto farmacéutico en muestras de agua.

Desarrollar nuevas metodologias analiticas que impliquen el uso de NPs
metdlicas para mejorar considerablemente la sensibilidad de la etapa de

deteccién mediante Espectroscopia Raman.

Esclarecer la influencia de la quimica superficial de las NPs de plata sobre

diversos factores que determinan su grado de citotoxicidad.

Estudiar la citotoxicidad de los nanotubos de carbono en presencia de un
contaminante ambiental comun, con el propoésito de identificar posibles
mecanismos de toxicidad combinada (adicidn, antagonismo o sinergia)

cuando ambas especies entran en contacto.



Objeto

Aparte de la labor investigadora desempefiada durante la Tesis Doctoral y
que ha contribuido indiscutiblemente a la formacién de la doctoranda, otras
actividades complementarias como la asistencia a cursos formativos y la
presentacién de comunicaciones/pdsters en congresos (tanto de ambito
nacional como internacional) también le han permitido ampliar sus
conocimientos y adquirir nuevas destrezas. La produccion cientifica derivada de
la Tesis Doctoral, asi como las contribuciones a congresos son recogidas en su

totalidad en los Anexos de esta Memoria.
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Aim

The nanometric size of nanoparticles (NPs) confers them excellent and
unusual physicochemical properties that are exploited in diverse application fields
such as Electronics, Biomedicine, Pharmacy or Materials Science. Moreover,
continuous advances in the methods for nanoparticle synthesis, as well as in their
applicability, benefit the Analytical Chemistry field inasmuch as they lead to the
development of novel analytical procedures or the improvement of other already
existing. In this regard, sample treatment, instrumental separation and detection,
constitute the three stages within the analytical procedure which may clearly

benefit from the use of NPs.

Nevertheless, NPs also exhibit a negative side since, as a result of their mass
production and growing use in today’s society, they are continuously released into
the environment where interact with biotic and abiotic media. It is therefore
mandatory to carry out a thorough assessment of the possible toxic effects

inherent to NPs which are synthesized and used currently.

It is also noteworthy that the behavior of NPs in the environment is not
comparable to that of other already known contaminants, and in addition, the
toxicological assessment protocols currently available have not been properly
adapted for their application to nanoscale particles. If we also take into account
the broad spectrum of existing NPs with tunable physicochemical features, we
come to the conclusion that research on toxicity of nanomaterials still requires a

great deal of effort as of today.

Based on the foregoing, the general objectives of the Doctoral Thesis
presented herein are, on the one hand, to develop new analytical methodologies
involving the use of NPs as tools in sample treatment and detection stages and, on
the other hand, to assess the in vitro toxicity associated to silver NPs and carbon

nanotubes under the influence of several determining factors.
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Aim

These general goals are specified in the following research lines:

4 Investigating the role of carbon NPs (CNPs) when they are introduced as
additional phase in conventional extraction techniques (viz., cloud point
and liquid-liquid extractions) applied to the determination of contaminants

of environmental concern.

<4 Designing a simple analytical procedure based on the use of CNPs as solid-
phase extraction adsorbents for determining a pharmaceutical compound

in water samples.

<4 Developing new analytical methodologies that entail the utilization of
metallic NPs to considerably improve the sensitivity of the detection by

Raman spectroscopy.

<4 Clarifying the influence of surface chemistry of silver NPs on several

determining factors that influence their degree of cytotoxicity.

4 Studying the cytotoxicity of carbon nanotubes in presence of a known
environmental contaminant, with the purpose of identifying possible
mechanisms of combined toxicity (i.e. addition, antagonism or synergy)

when both species come into contact.

Apart from the research work performed during the Doctoral Thesis, which

has undoubdtely contributed to the training of the PhD student, other

supplementary activities including the attendance at various training courses and

the presentation of oral communications and posters in conferences (both

national and international ones) have also enabled doctoral student to broaden

her knowledge and acquire new skills. The scientific production arising from the

Doctoral Thesis along with the contributions to conferences are collected entirely

in the Annexes of this Report.
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I.1. Aplicaciones analiticas de las nanoparticulas

1.1 Aplicaciones analiticas de las nanoparticulas

En el marco de la Quimica Analitica, las nanoparticulas (NPs) han sido

ampliamente utilizadas como herramientas para mejorar o desarrollar métodos

analiticos que permitan la determinacién de nuevos analitos en diferentes y

complejas matrices de estudio [1]. La Figura 1.1.1 resume las principales

aplicaciones analiticas de las NPs haciendo mencién especial a los nanotubos de

carbono (CNTs). Como se aprecia, las NPs pueden emplearse en las tres etapas

del procedimiento analitico; tratamiento de muestra, separacion instrumental y

deteccion.

Técnicas de extraccion

- Minicolumnas/cartuchos

- Discos

- (Micro) Extraccion dispersiva

- Recubrimiento de fibras

- Pseudofases en extraccion liquido-
liquido

Membranas modificadas

- Membranas de matriz mixtas
(MMM)

- Membranas con CNTs
alineados (ACNTS)

- Membranascon CNTs
inmovilizados (CNIM)

Electroforesis Capilar

-Recubrimientos internos de
capilares

-Aditivosal tampénde
separacion

Cromatografia

y‘b‘,«.,‘?& - Empagquetadas dentrode
& columnas tubulares en GC/LC
S X3 - Funcionalizacion de
&°§.,~’ - columnas monoliticas
&
S o
¥ ~Aplicaciones analiticas ™%,

& " delas nanoparticulas

3. Deteccion

Sensores

- Sensores 6pticos (fluorescencia,
ensayos colorimétricos, SERS)

- Sensores electroquimicos

- Otros

Figura 1.1.1. Aplicaciones analiticas de las NPs, principalmente de los CNTs.

Durante el transcurso de este apartado, profundizaremos en mayor

detalle en las nanoparticulas de carbono (CNPs) empleadas en la etapa de
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BLOQUE I. INTRODUCCION

tratamiento de muestra por su mayor peso en la investigaciéon desarrollada

durante la Tesis Doctoral.

TRATAMIENTO DE MUESTRA

Las NPs son utilizadas en el tratamiento de muestra para extraer y
preconcentrar los analitos de la matriz. Con este fin, estas particulas pueden
introducirse en las técnicas de extraccidon convencionales como fases sorbentes,
o bien como componentes de las membranas de extraccion (ver Figura 1.1.1). En
esta seccion discutiremos principalmente el empleo de los CNTs como

sorbentes aunque también se hara alusion a otro tipo de NPs.

Nanotubos de carbono en (micro)extraccion en fase sélida

Los CNTs han sido muy investigados como materiales sorbentes en la
extraccion en fase so6lida (SPE) debido a su elevada area superficial especifica y
densidad de espacios intersticiales dentro de los agregados, caracteristicas que
les confieren una mayor interaccién con los analitos [2]. Estas interacciones son
de tipo no covalente, tales como enlaces de hidrégeno, interacciones 7-7,
fuerzas electrostaticas, fuerzas de van der Waals o interacciones hidrofébicas.
La habilidad de adsorcién de los CNTs depende entre otros factores de su

longitud y del nimero de laminas de grafeno que componen su estructura [3].

La aplicabilidad de los CNTs en SPE se ha centrado en la extraccién de
metales [4] y compuestos organicos [5], especialmente aquellos que presentan
una estructura aromatica o grupos funcionales superficiales de tipo -OH y -NH;
que favorecen un mayor grado de interaccidn con las NPs. Una ventaja afiadida
es que la selectividad en la extraccidbn puede lograrse mediante la

funcionalizacion superficial de las NPs con ligandos de diversa naturaleza.
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I.1. Aplicaciones analiticas de las nanoparticulas

A continuacién, se especifican las distintas estrategias que han sido

descritas sobre SPE con el empleo de CNTs como fase sorbente.

» Minicolumnas o cartuchos empaquetados

En esta modalidad, los CNTs son empaquetados dentro de minicolumnas
o cartuchos a través de los cuales se hace pasar la muestra con la consecuente
separacion del analito de la matriz gracias a su interacciéon con la fase
estacionaria. La preconcentracion se consigue posteriormente al eluir el analito
con un volumen minimo de disolvente. La principal limitacién de esta estrategia
radica en la posible obstruccion del cartucho cuando se analizan matrices muy
complejas o cuando los CNTs son compactados en exceso. Esta obstruccién
reduce la interaccion potencial entre el analito y los CNTs, y como consecuencia,
la eficiencia de extraccién empeora. La Figura 1.1.2 representa esta modalidad

de SPE la cual ha sido aplicada a la extraccion de diferentes compuestos [6,7].

muestra eluyente
[— —

residuo analito
(matriz) eluido

Figura 1.1.2. Extraccién con minicolumnas o cartuchos empaquetados.

= Discos

En este caso, la muestra se hace pasar a través de filtros modificados con

CNTs. La preparacion de estos filtros o discos consiste en filtrar dispersiones
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BLOQUE I. INTRODUCCION

homogéneas de CNTs obtenidas por sonicacién. A diferencia de la modalidad
anterior, la disposicién mas extendida de los CNTs por el filtro favorece una
interaccion reforzada con el analito, y puesto que aqui no hay problemas de
compactacion, también se permite un mayor flujo de muestra. Uno de los
inconvenientes de esta modalidad tiene su origen en la irreproducibilidad
derivada de la posible disposiciéon no homogénea de las NPs por el soporte. El
empleo de varios filtros conjuntamente es una estrategia bastante util para
maximizar la eficiencia de extraccion tal y como ya se ha descrito en bibliografia

relacionada [8]. La Figura [.1.3 ilustra la estrategia de extraccién con discos.

muestra eluyente

v v

residuo analito
(matriz) eluido

Figura 1.1.3. Extraccion con filtros modificados. Imagen de filtro perteneciente a [8].

» Extraccién en fase sélida dispersiva (DSPE)

La extraccion en fase solida dispersiva o DSPE se produce en el seno de la
muestra por la adicién directa de las NPs a la disolucion, y posterior retirada de
las mismas por centrifugacion o filtracion principalmente. Posteriormente, la
elucion se efectiia sobre las NPs aisladas que interaccionaron previamente con
el analito de la muestra. La Figura [.1.4 muestra de forma general el

procedimiento de DSPE.
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I.1. Aplicaciones analiticas de las nanoparticulas

centrifugacion elucion
-

matriz

nanoparticulas é

estra___

Figura 1.1.4. Proceso de extraccién y opciones de retirada de NPs en DSPE.

Por otro lado, las NPs magnéticas son buenas candidatas para su uso en
DSPE gracias a su facilidad de retirada de la disolucién por simple aplicacién de
un campo magnético externo [9]. Ejemplos de esta metodologia han sido
descritos para la extraccion de pesticidas [10] y antibidticos [11]. La Figura 1.1.5

muestra el procedimiento de DSPE con NPs magnéticas [12].

Sorbent added Adsorption
.\\ //
Water sample N\ K
N Magnetic sorbent Sorbent with Magnelic
Analyte T ) analyte adsorbed separation
Reuse WA
¢eeo
. Elution
Analysis * *
/
Magnet Magnet

Figura 1.1.5. DSPE con NPs magnéticas. Figura perteneciente a [12].
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» Recubrimiento de fibras en microextraccion en fase sélida (SPME)

La miniaturizacién ha ganado importancia dentro del ambito de la SPE. La
técnica de microextraccién en fase sélida (SPME) se basa en el reparto del
analito entre la muestra y, el espacio de cabeza o una fase estacionaria que
recubre una fibra. La Figura 1.1.6 representa las dos modalidades existentes de
SPME. Las fibras de SPME modificadas con CNTs han sido investigadas para la
extraccion de aminas aromaticas [13], pesticidas [14], compuestos organicos
volatiles [15], fenoles [16] y drogas [17]. A su vez, las NPs de 6xidos metalicos

también se han empleado como recubrimientos de fibras en SPME [18,19].

fibra recubrimiento
de
nanoparticulas

espacio de : inmersion
cabeza ° directa

Figura 1.1.6. Modalidades de SPME mediante generacién de espacio de cabeza (izquierda)
o por inmersion directa (derecha).

Como alternativa a los recubrimientos de fibras, también se han
desarrollado unidades de extraccién magnéticas en cuyo interior se almacenan
las NPs sorbentes. Bajo aplicacién de un campo magnético externo, la unidad
magnética permite la agitacién de la muestra y al mismo tiempo se produce la

extraccion mediada por las NPs de su interior [20-22].
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I.1. Aplicaciones analiticas de las nanoparticulas

Otras nanoparticulas e hibridos empleados en SPE/SPME

Si bien es cierto que los CNTs tienen una mayor repercusiéon en el
tratamiento de muestra, también existen otras NPs cuya aplicaciéon a este

ambito conviene destacar.

La Figura 1.1.7 muestra un diagrama de sectores con los porcentajes
relativos correspondientes al nimero de publicaciones cientificas en las que se
utilizan NPs como sorbentes de SPE.

4%

\

@ nanotubos de carbono

mnanoparticulas con propiedades magnéticas
DOgrafeno

W nanoparticulas desilice

@ nanoparticulas de otros dxidos metalicos
@fullerenos

mnanoparticulasde plata

@ nanoparticulasde oro

Figura 1.1.7. Porcentajes relativos sobre articulos cientificos que emplean diferentes NPs
en SPE. (Fuente bibliogrdfica: SCOPUS).

Como se aprecia en el diagrama, los CNTs son las NPs mas utilizadas en
este ambito. Les siguen en importancia, las NPs magnéticas y el grafeno. El resto
de NPs sin embargo, no tienen mucha cabida en los procesos de tratamiento de

muestra.

Dentro de las CNPs, los fullerenos muestran una excelente capacidad

sorbente hacia los complejos metalicos y organometalicos, y consecuentemente,
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BLOQUE I. INTRODUCCION

han sido empleados para su extraccién [23]. El grafeno se ha utilizado en la
modalidad de minicolumnas o cartuchos empaquetados para la extracciéon de
plomo [24], o como recubrimiento de fibras de SPME para extraer pesticidas

organoclorados [25].

Dentro de las NPs metalicas, las NPs de oro muestran una elevada afinidad
por los hidrocarburos aromaticos policiclicos (PAHs) y las especies de
mercurio, y por ello se han empleado para la extraccién de estos compuestos de
diferentes matrices [26,27]. Las NPs de plata han sido investigadas como
componentes de membranas para la extraccion de uranio en agua de mar [28].
Las NPs de 6xidos metdlicos pueden ser utilizadas de forma aislada o formando
hemimicelas/admicelas con surfactantes i6nicos [29,30]. Las NPs magnéticas
son las NPs de 6xidos metalicos mas empleadas en las técnicas de extraccion y
dan nombre a la técnica que se conoce como extraccion en fase sélida magnética

(MSPE) [31-34].

Las NPs de silice son muy recomendables en el &mbito analitico ya que son
quimicamente inertes, de bajo coste y presentan una elevada estabilidad
térmica. Ademas se pueden funcionalizar facilmente gracias a la presencia de
grupos silanol en su superficie. Por sus caracteristicas, se han empleado
principalmente como recubrimientos de fibras en SPME para la extraccién de

compuestos fendlicos y PAHs entre otros [35,36].

La combinacién de diferentes NPs ha seguido al desarrollo de sorbentes
hibridos que retnen las caracteristicas distintivas de las NPs involucradas. Aqui
podemos citar la combinacién de CNTs con, NPs magnéticas para la extraccién
de (fluoro)quinolonas en muestras de sangre, y con NPs de alimina para la
extraccion de metales [37,38]. Estos hibridos facilitan la manipulacién de la fase

sorbente ya que son faciles de extraer por aplicacién de un campo magnético
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I.1. Aplicaciones analiticas de las nanoparticulas

externo. No obstante, presentan la desventaja de alterar la capacidad inherente

de adsorcion de los CNTs.

El empleo de los CNTs en los polimeros de impresion molecular (MIPs) se
considera una de las estrategias de SPE de mayor selectividad. Ademas presenta
una ventaja afiadida sobre los MIPs convencionales y es que los sitios de unién
con el analito se localizan en la capa mas externa del composite. Estos
composites se han descrito para la determinacion de estrégenos y herbicidas en

muestras de agua [39,40].

La combinacién de NPs con liquidos iénicos ha resultado en la fabricacién
de sorbentes con una eficiencia de extraccién mejorada en comparacion con el
uso exclusivo de NPs. Este tipo de sorbentes se han propuesto para la

extraccién de PAHs en muestras de agua [41,42].

Nanotubos de carbono en extracciones liquido-liquido

Mientras que las NPs han tenido una excelente acogida como materiales
sorbentes en SPE, no han sido tantas las aplicaciones referentes a las
extracciones liquido-liquido (LLE). En este sentido, solo se ha descrito en
bibliografia un tnico procedimiento de tratamiento de muestra basado en una
etapa de LLE asistida por NPs dispersas, para la extracciéon y preconcentracion
de compuestos aromaticos del aceite de oliva [43]. Como aportacion a este
ambito, en esta Memoria se presenta un trabajo de investigacién cuyo propésito
fue modificar un sistema convencional de LLE mediante la inclusién de una

interfase constituida por CNTs estabilizados en disolvente organico [44].

La mayoria de procedimientos de tratamiento de muestra que emplean la
LLE en combinacién con NPs (principalmente magnéticas), utilizan las NPs

exclusivamente para retirar la fase extractante u organica una vez que ésta ha
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extraido previamente el analito de la fase acuosa donadora. En otras palabras, la
habilidad de adsorcién de las NPs se aprovecha para retirar del medio la fase
extractante orgdnica que contiene el analito, pero las NPs no se emplean como

extractantes del analito per se [45].

Nanoparticulas en extracciones con surfactantes

A pesar de que se han desarrollado muchas metodologias analiticas que
emplean medios micelares para la extraccién y preconcentracion de NPs,
apenas se ha considerado el beneficio que las NPs pueden proporcionar como
fase sorbente adicional en estas técnicas de extraccion. Las NPs de alimina, de
oro, y magnéticas ya se han utilizado en combinacién con algunos tensioactivos
para la extraccion de iones metalicos o compuestos organicos [46-48]. Como
aportacion cientifica a este ambito de estudio, en esta Memoria se presenta un
trabajo realizado que propone el empleo de nanodiamantes como fase adicional

en un sistema de extraccién punto de nube [49].

Nanotubos de carbono como componentes de membranas

Las propiedades sorbentes de las NPs también han sido explotadas en las
extracciones con membranas. En este marco de aplicacidn, los CNTs son las NPs

mas investigadas.

Las membranas modificadas con CNTs, o también denominadas
membranas nanoestructuradas, se han convertido en una alternativa bastante
eficiente a las membranas poliméricas convencionales las cuales presentan los
inconvenientes de una elevada tendencia a la obstruccion y bajas selectividad,
permeabilidad y resistencias quimica y térmica. Los CNTs presentan una alta
porosidad y darea superficial, y ademds pueden ser funcionalizados
superficialmente con ligandos especificos para permitir el transporte selectivo
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de las moléculas de la fase donadora a la aceptora. El flujo de analito a través de
una membrana incrementa cuanto mayor sea el area superficial efectiva y
menor el espesor de ésta. Estas condiciones se dan cuando la membrana esta
constituida por una red de nanoporos. Si a esto le afiadimos las propiedades
sorbentes de los CNTs, podemos afirmar que estas NPs actiian como excelentes

canales de transferencia de masa en los procesos con membranas [50].

La Figura 1.1.8 representa los tres tipos de membranas nanoestructuradas

modificadas con CNTs en funcién de su procedimiento de sintesis [50].

Membranas modificadas con CNTs

l | |

Membranas de : Membranas con : Membranas con

matriz mixtas (MMM) CNTsalineados (ACNTs)  : CNTsinmovilizados (CNIM)
Los CNTs son embebidos : Los CNTs se inmobilizan : Los CNTs son inmovilizados
dentro de una matriz alineados dentro de la en los poros de la membrana
polimérica formando un : matriz polimérica. Sololos  : pero su superficie activa
nanocomposite. La superficie : extremos quedan libres para  : queda libre para interaccionar
activade los CNTs queda : la interaccion con el analito ~ : con el analito.
cubierta por el polimero. i [50] :

~membrana

[ ]
] — Al ] fase
aceptora
a

o

polimero

ﬁ/—%- fase :
- aceptora :
fase :
donadora L]

Figura 1.1.8. Tipos de membranas modificadas con CNTs.

fase

: donadora
: .

» Membranas de matriz mixtas (MMM)

Las membranas de matrix mixtas (MMM) se fabrican al fundir y mezclar
un polimero con las NPs, de forma que se crea un composite con los CNTs
embebidos dentro de la matriz polimérica. Esta estrategia conlleva algunos
problemas derivados de la tendencia a la aglomeracion de las NPs y su posible
distribuciéon no uniforme dentro de la matriz [51]. Las MMM se han utilizado
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para la filtracién de aguas [52], la separacion de gases [53-56] y la extraccion de

pesticidas organofosforados de aguas residuales [57].

» Membranas con nanotubos de carbono alineados (ACNTSs)

Estas membranas son similares a las MMM con la tnica diferencia de que
en este caso los CNTs se inmovilizan en la matriz polimérica de forma alineada
con uno de sus extremos libres y oxidados para incrementar su reactividad
quimica e interaccion con el analito. Puesto que la alineacién de las NPs dentro
de la matriz polimérica no supone grandes ventajas que justifiquen la
complejidad afiadida que entrafia su sintesis en comparacién con la de las

MMM, las ACNTs no presentan muchas aplicaciones a dia de hoy [58].

= Membranas con nanotubos de carbono inmovilizados (CNIM)

Aunque las MMM muestran ventajas significativas respecto a aquellas
membranas sin modificar, el encapsulamiento de las NPs dentro de un polimero
reduce su superficie activa de interacciéon y supone por tanto una barrera para
la transferencia del analito de la fase donadora a la aceptora. Para solventar este
problema y maximizar asi la superficie de NPs disponible, también se han
propuesto membranas en las que las NPs no estdn embebidas dentro de un
polimero sino que impregnan los poros de una membrana; se trata de las
membranas con CNTs inmovilizados (CNIM). Las membranas liquido soportadas
modificadas con NPs son un ejemplo de CNIM. Se trata de membranas
impregnadas en disolvente organico que separan las fases donadora y aceptora
(ambas acuosas) y que pueden incluir NPs con el propdésito de mejorar la
eficiencia de extraccion del proceso. Las CNIM se han descrito para la extraccion
de naftaleno y tolueno de muestras acuosas y de acido cafeico de extractos de
plantas [59,60]. Otras estrategias que emplean puntas de pipeta modificadas
con CNIM también se han investigado para la extraccidn de herbicidas [61].
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SEPARACION INSTRUMENTAL

La separacién instrumental también se ha visto enriquecida gracias al
empleo de las NPs ya sea como fases pseudoestacionarias en Electroforesis
Capilar (CE) o como fases estacionarias en Cromatografia de Gases (GC) o de
Liquidos (LC). Dentro de este ambito de aplicacién, las NPs permiten mejorar la
resolucion en las separaciones y por consiguiente, la selectividad de la técnica

instrumental.

Electroforesis capilar

Una modalidad de CE es la conocida Cromatografia electrocinética (EKC)
en la que la separacidn se produce por diferencias en los coeficientes de reparto
de los analitos entre una fase pseudoestacionaria y el tampdn electroforético. La
separacion es también resultado de la diferente migracion de los analitos libres
y aquellos que se encuentran interaccionando con la pseudofase bajo la
aplicacion de un campo eléctrico [51]. Las CNPs pueden actuar como
pseudofases en forma de recubrimientos internos de los capilares o bien como
aditivos en el tampoén electroforético de separacion [62]. El principal
inconveniente asociado al empleo de NPs en CE es su baja estabilidad en medios
acuosos y disolventes organicos, lo que hace necesaria la funcionalizacién
superficial de las NPs o bien la adicién de especies como tensioactivos, que
faciliten su solubilizacién. La modalidad electroforética que emplea NPs
recubiertas de surfactante como aditivos en el tampoén electroforético se
denomina Cromatografia electrocinética micelar de nanoparticulas dispersadas
(MiNDECK) [63]. Algunas aplicaciones en la separacion de antiinflamatorios no
esteroideos o vitaminas son ejemplos del empleo de las NPs en la separacion

instrumental por CE [64, 65].
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Técnicas cromatograficas

Las propiedades excepcionales de las NPs también las hacen aptas para su
implantacion como fases estacionarias en GC y LC. Las NPs se pueden
empaquetar en el interior de las columnas cromatogréaficas o bien inmovilizarse
sobre las paredes internas de las mismas. La primera estrategia conlleva
problemas de sobrepresion y una reduccion significativa del area de interacciéon
con el analito. Esta es la razén de que la segunda estrategia sea las mas utilizada
a dia de hoy. Diferentes aplicaciones en GC han sido descritas en este sentido
[66,67]. El empleo de las NPs en LC es mucho mas restringido que en GC debido
a las altas presiones generadas junto con el calentamiento provocado por la
friccion [62]. No obstante, existen algunas aplicaciones descritas con el empleo
de nanotubos de carbono monocapa (SWCNTSs) y NPs de oro para la separacién

de diferentes compuestos aromaticos [68,69].

DETECCION

Su elevada area superficial y reactividad quimica, junto con su eficiencia
catalitica y excelente capacidad de adsorcién, hacen que las NPs sean excelentes
candidatos para su uso en (bio)sensores [70]. La posibilidad de unir ligandos
especificos sobre su superficie incrementa la biocompatibilidad, la selectividad

y la sensibilidad del sensor.

Las NPs se pueden emplear como modificadores de la superficie de
transductores, o como componentes dpticos o electroactivos, para mejorar la
sensibilidad, acelerar los tiempos de respuesta, permitir la multidetecciéon o
proporcionar respuestas mas estables. A continuacién describiremos

brevemente los sensores basados en la deteccidn éptica y electroquimica.
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Sensores opticos

Los sensores Opticos se basan en los cambios de las propiedades 6pticas
de las NPs como resultado de su interaccién con el analito. Estos cambios
pueden consistir en alteraciones del plasmén de resonancia superficial, tales
como: i) modificacidon de su longitud de onda o intensidad (Espectroscopia de
resonancia de plasmén superficial localizado; LSPR) [71,72]; ii) cambios visibles
de color como resultado de la alteracién del estado de agregacion de las NPs en
presencia del analito (sensores colorimétricos en Espectrofotometria UV-Vis) [73-
75]; iii) incremento de la dispersion inelastica Raman (Espectroscopia Raman
amplificada por superficie; SERS) [76,77]; o iv) incremento de la temperatura
por decaimiento de la energia de forma no radiativa (aplicaciones en imaging)

[78].

Asimismo, las NPs fluorescentes, como los puntos cuanticos y las NPs de
oro y plata, pueden alterar su fluorescencia nativa en presencia del analito
(quenching o desactivacién fluorescente) lo que permite la detecciéon de
compuestos de diferente naturaleza [79-81]. Los SWCNTs son fluoréforos en la
zona del infrarrojo cercano (NIR) aunque su aplicacién practica como sensores
esta bastante limitada ya que sus propiedades fluorescentes varian en funciéon
de su estabilidad. Sensores de glucosa basados en SWCNTs funcionalizados con
fenoxidextrano ya han sido desarrollados [82]. Los nanodiamantes, por
ejemplo, han permitido desarrollar nanosensores basados en la inmovilizacién
de anticuerpos [83]. Ademas, su fluorescencia intrinseca, su elevado indice de
refraccion y su seflal Raman caracteristica los convierten en candidatos

atractivos para las aplicaciones en imaging [84].
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Sensores electroquimicos

Los sensores electroquimicos emplean las NPs para modificar la
superficie de los transductores o como componentes electroactivos para
mejorar la sensibilidad. Las NPs pueden actuar como catalizadores de
reacciones electroquimicas favoreciendo una catdlisis mas efectiva, y
proporcionando una mayor darea superficial efectiva de interaccién, un
transporte de masa mas rapido, y un mayor control del microambiente del
electrodo. Permiten mejorar también los procesos de transferencia electrdnica

y mejorar/variar la conductividad entre el receptor del analito y el electrodo.

Los sensores electroquimicos basados en electrodos modificados con
grafeno se han empleado con diversos fines, entre ellos la detecciéon de iones
Pb2+, peréxido de hidrogeno o glucosa [85]. Algunos sensores modificados con
CNTs y con hibridos (CNTs en combinacién con NPs metdalicas) han sido
descritos para la deteccién de gases a bajas concentraciones [86,87]. No
obstante, las NPs metadlicas, concretamente las NPs de 6xidos de metales, son

actualmente las mas explotadas en este campo [88-90].

Los nanomateriales también pueden actuar como superficies para la
inmovilizacién de biomoléculas. En este sentido, se han desarrollado algunos
sensores hibridos basados en la combinacién de biomoléculas (proteinas, ADN,
anticuerpos) con NPs con el propésito de generar o amplificar la respuesta
analitica [91]. La biocompatibilidad y elevada estabilidad fisica y quimica de las
NPs magnéticas las han convertido en excelentes plataformas de

inmobilizacién, y ya se han utilizado para la deteccién de proteinas y ADN [70].
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ABSTRACT

Sensing and imaging with fluorescent, plasmonic, and magnetic
colloidal nano- and microparticles have been boosted in the last decade.
In this review we describe concepts and their applications on how these
techniques can be used in multiplexed mode, i.e. sensing of several

analytes in parallel or imaging of several labels in parallel.

43



BLOQUE I. INTRODUCCION

1. INTRODUCTION

During the past decade, the use of colloidal nano- and microparticles in
biological sciences has attracted a great deal of attention. They have long been
used as contrast agents for imaging [1-3] and transducers for molecular
sensing [4]. Materials developed for these purposes range from single
nanoparticles (NPs) and microparticles to complex hybrid nano- and
microstructures. Nanoengineering allows for the integration of different
functionalities into a single carrier system. Examples of multifunctional
composites include the recently described nanocomposites based on silica,
silver, and gold NPs (AuNPs), which have applications in photodynamic therapy,
photothermolysis, and IR detection [5]. Our review focuses on the use of
inorganic NPs as building blocks of multifunctional composites on the nano-
and micrometer scales, and on their applications in biosensing and diagnostics.
After briefly introducing the main detection modes, we discuss why and how
the assembly of individual NPs into multifunctional composites allows for
multiplexing. Multiplexed sensing and imaging mean that several analytes can
be detected in parallel and that different types of particles can be imaged
simultaneously. Finally, we discuss some issues and new challenges concerning

sensing and imaging involving hybrid materials based on inorganic NPs.

2. DETECTION MODES

In sensing and imaging applications, NPs are used to provide readout. In
sensing applications, the transduction principle, which provides readout in the
presence of a specific analyte, can depend on either direct interaction between
the NP and the analyte or interaction between the analyte and another entity
supported on the NP, which then interacts with the NP. The NP ultimately
changes the signal for readout in the presence of the analyte. In the case of

imaging, NPs are typically used as markers that provide contrast (and thus
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readout) for different imaging techniques. Readout is usually based on optical,
electrical, or magnetic detection, as we discuss in detail below. However,
naturally there are also other detection schemes, such as detection with X-rays
[6], radioactivity [7], or mass changes [8]; we do not focus on those techniques

in this review.

2.1 Optical detection

The principle of optical detection is based on the interaction between
continuous or pulsed light and the sample to be analyzed. This interaction
causes changes in the initial incident light wave in terms of frequency,
amplitude, phase, polarization state, or time dependence. Figure 1 summarizes
some of the phenomena that are useful for analysis; these phenomena may
occur when incident light interacts with a sample of dispersed colloidal
particles [9]. In general, transmission, elastic and inelastic scattering, and
absorption processes can occur. In the case of transmission, light passes
through the object and is normally affected in terms of amplitude or intensity.
In the case of scattering phenomena, the interaction between light and the
particles changes the direction of the incident light wave. However, following
elastic scattering, the energy of the incident light, and thus the wavelength,
remains unchanged. The Rayleigh and Mie theories describe typical particle-
based scattering for small (<5nm) and large (>5nm) particles, respectively. In
contrast, following inelastic scattering, the energy of the incident light, and thus

the wavelength, changes.
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Figure 1. Possible interactions between a particle and light.

The inelastic scattering process (Raman scattering) is especially
important for colloidal particles. The interaction between the incident light and
the sample modifies the energy of the internal (typically rotational or vibronic)
states of the particle, and the scattered light has either higher or lower energy,
termed anti-Stokes or Stokes scattering, respectively. For luminescent particles,
other interesting processes, such as the emission of light, may occur. This
phenomenon is based on the excitation of energetic states by the charge
carrier’s absorption of the incident wave energy, which in general is possible
only if the incident wave is in resonance with the excited electronic state. The
light that is reemitted following relaxation of the excited states to the ground
states is termed fluorescence if the emitted light is less energetic than the
incident light (more conventional process) and upconversion fluorescence if the
emitted light is more energetic (less conventional process). Other parts of the
energy can be converted into heat. This nonradiative energetic contribution is
referred to as absorption, which does not lead to the emission of light, and

whereby the energy remains in the sample.
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Various techniques exist for the optical detection of particles on the basis
of the above mentioned mechanisms. Hereafter, we distinguish between

plasmonic [10] and fluorescent [11] particles [12].

NPs of several metals, such as platinum, copper, gold, and silver, or alloys
such as Cu;-xSe, demonstrate surface plasmon resonance (SPR) due to the
collective oscillation of the free electrons stimulated by incident light of an
appropriate wavelength [13]; they are therefore referred to as plasmonic NPs.
This property has been exploited in many analytical techniques for sensing and

imaging.

1. Localized surface plasmon resonance (LSPR) spectroscopy benefits
from the high sensitivity of the plasmon resonance to changes in the local
refractive index, and it can be applied to both individual NPs and periodic
arrays of NPs. The light scattered by individual plasmonic NPs, for
example, can be detected with dark-field microscopy [14]. Plasmon
resonance wavelength and intensity can be modified by the temporal or
irreversible presence of an analyte (bound or adsorbed) on the NP
surface. LSPR is a very sensitive tool for quantitative analyte analysis

[15], allowing for even single-molecule detection [16, 17].

2. Colorimetric sensors are also based on LSPR techniques, but they were
developed on the basis of the visible color changes that plasmonic NPs
undergo in the presence of a target analyte that triggers the
agglomeration (or redispersion) of an assembly of NPs [18]. Although
similar concepts have previously been used [19], the breakthrough in this
technique was achieved by target DNA-mediated agglomeration of
oligonucleotide-modified AuNPs, as introduced by the Mirkin group [4].
In that study, the presence of target DNA was observed by the naked eye

following a color change of a AuNP solution from red to blue. This concept
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has been further extended and has led to, for example, the development of
scanometric sensors for DNA strands according to the specific binding of
oligonucleotide functionalized AuNPs in a DNA array. The change of color
due to analyte recognition was further amplified through the addition of a
silver layer onto the AuNPs. This process causes visible darkening of the
array surface only in the presence of a complementary target [20].
Colorimetric detection of analytes via analyte-induced agglomeration of

plasmonic NPs is currently used for many different analytes [21, 22].

3. Surface-enhanced Raman spectroscopy (SERS) benefits from the
intense electromagnetic field generated on some plasmonic
nanostructures due to their LSPRs. Applications of this technique are
expanding because of the possibility of ultrasensitive molecule detection
without the need for special preparation of the sample. Imaging and
sensing can be achieved with SERS labels in close contact with plasmonic

NPs [23-26].

4. The nonradiative decay of plasmons can produce a localized increase of
temperature on the plasmonic NP surface that can be exploited for
imaging. Relevant techniques include photothermal microscopy [27, 28]

and photoacoustic tomography [29, 30].

Fluorescence microscopy, spectroscopy, and flow cytometry are among
the most powerful tools for imaging and analytical detection of molecules and
ions. Several types of fluorescent particles can be used for sensing and imaging

applications.

1. Quantum dots (QDs), namely semiconductor NPs, with tunable light
emission. QDs composed by atoms in groups II-VI (CdSe, CdS, etc.) have
been studied largely because of their higher stability against oxidation or
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agglomeration in biological fluids, compared with those of other
semiconductor materials [31, 32]. However, QDs based on silicon or
carbon are more interesting for biological applications due to their
reduced toxicity. Efforts to synthesize, stabilize, and use silicon and
carbon QDs as contrast agents and sensors are under way in clinical

applications [33-36].

2. Noble-metal clusters. Silver NPs or AuNPs with diameters less than 2
nm do not exhibit SPR, but they can present fluorescence owing to their
molecule-like properties [37, 38]. Such small NPs can be used as
fluorescent labels within multifunctional nanostructures or individually if

they are properly stabilized.

3. Upconversion NPs and complexes. Based mostly on lanthanide-doped
materials, these materials are promising for in vivo imaging. Their range
of excitation/emission wavelengths can be tuned to the near-IR region, in
which tissue produces minimal absorption and scattering of light.
Moreover, they have low cytotoxicity, a long lifetime, and a narrow

emission bandwidth [39, 40].

4. Inorganic NPs acting as passive carriers. These NPs can accumulate
organic dyes and bioluminescent or chemiluminescent molecules either

on the surface of or within a particle [41].

5. Polymeric nanomatrices acting as passive carriers. Photonic explorers
for bioanalysis with biologically localized embedding (PEBBLE) sensors
are a prominent example. They can be loaded with several dyes,

permitting ratiometric sensor preparation and multiplexing [42].
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6. Microbeads and microcapsules. Due to their size, they can be
simultaneously loaded with both organic dyes and fluorescent NPs.

Multitasking can be readily achieved with such materials [43, 44].

Detection based on fluorescent particles depends on the physicochemical

process involved in the modification of the emitted light upon analyte-particle

interaction. The main applied concepts for fluorescence detection include the

following.
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1. Readout based on analyte-sensitive fluorophores. The presence of the

analyte can directly modify the emission of the fluorophore [45].

2. Readout based on the quenching of QD fluorescence through the

proximity of another NP, such as a AuNP [46].

3. Readout based on photoinduced electron-transfer (PET) sensors. They
consist of one fluorescent species attached to a recognition group that
acts as a quencher in the unbound dark state. The binding of the
recognition component with the analyte (normally metal cations and
protons) cancels the electron transfer and dequenches the fluorophore

[47].

4. Readout based on Forster resonance energy transfer (FRET) between
two fluorophores. Often, QDs act as donors and transfer energy to an
analyte-sensitive fluorophore that acts as an acceptor, but FRET in which
the QDs are acting as the acceptors can occur [48]. The lifetime of and the
response to analytes of the acceptor fluorophore are modified due to the

presence [within a short (<10nm) distance] of the donor fluorophore.
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5. Readout based on chemiluminescence resonance energy transfer
(CRET). In CRET, a chemiluminescent probe is the donor; it excites the
acceptor fluorophore, which can be a dye or a particle. The
chemiluminescent probe should be analyte sensitive and should be
formed by two species that react to produce emission of light only in the

presence of the analyte [49].

6. Readout based on bioluminescence resonance energy transfer (BRET).
Bioluminescent proteins are efficient energy donors for QDs [50]. Because
CRET and BRET processes do not need light excitation, their sensitivity is
high.

2.2 Electrical detection

Electrical detection modes deal mainly with NPs that conduct electricity,
such as noble metals or semiconductors, which are typically supported by a flat
electrode [51, 52]. However, oxide NPs and hybrid multifunctional NPs have
also been used as electrochemical sensors and biosensors. The function of the
NPs in such sensors varies not only according to the nature of the NP but also
on the basis of how the analyte is detected. Luo et al. [53] provide some
important examples of the functions of NPs in electrical sensors: (a) The NPs
are reactants themselves [54], (b) they are catalysts of electrochemical
reactions [55], (c) they provide an appropriate surface for immobilization of
biomolecules (e.g., analyte receptors) [56], (d) they improve or vary the
conductivity between the analyte receptor and the electrode [57, 58], (e) they
enhance electron-transfer processes [59], and (f) they perform labeling [60].
The four main electroanalytical categories of detection involving NPs are (a)
classic potentiometry (which involves potential measurements) [61], (b)
coulometry (by measuring current, the amount of matter transformed during

the electrolysis reaction is calculated) [62], (c) amperometry (wherein ions are
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detected on the basis of current measurements) [54], and (d) voltammetry (in
which current measurements are performed while the potential is changed)
[55]. Electrochemical biosensing is often applied to the detection of
biomolecules such as enzymes, antigens, and DNA, which are responsible for
specifically recognizing the analyte and, in the case of enzymes, for converting
the analyte in the signal that is actually detected (such as electrons, H*, and
H;02). Many comprehensive reviews summarizing the most significant
improvements in nanomaterial-based electrical biosensing have been

published, and we recommend reading them for further information [63, 64].

Hybrid systems that mix optical and electrical measurements for analyses
involving NPs have been performed. Electrochemical-LSPR biosensors have
been developed for label-free detection of peptide toxins through the use of
core-shell NP arrays [65]. The substrate comprised silica NPs used as the core
and a thin gold film used as the shell, which simultaneously acted as a working
electrode and a LSPR sensor. The binding of the peptide toxin melittin to the
hybrid electrode was optically detected by LSPR, and the membrane-disturbing
properties were assessed electrochemically [65]. In the case of fluorescent NPs,
optical excitation can be used to modulate the electrochemical signal. The
illumination of QDs, immobilized on an electrode, generates charge carriers
(electrons and holes) and gives rise to a photocurrent. This detection scheme
has been employed in, for instance, the light-triggered electrochemical

detection of aminophenyl phosphate [66].

2.3 Magnetic detection

Functionalized magnetic nanoparticles (MNPs) are widely used for
sensing and imaging in the context of magnetic resonance (MR) [67-69]. When
used as targeted contrast agents, molecules or functional groups on the MNP
surface bind the targeted molecules, first producing local inhomogeneities in
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the applied magnetic field that affect the proton spin precession (decreasing the
relaxation time) within the target molecules and then increasing the contrast.
These changes in relaxation times have been extensively utilized for high-
sensitivity detection. For example, a recently published study used polymerase
chain reaction detection, which normally requires fluorescence readout

methods [70].

Magnetic relaxation switches are MR-based assays that are associated
with different spin-spin relaxation times between the dispersed and
agglomerated states of MNPs [71]. SQUIDs (superconducting quantum
interference devices) have been used for sensing on the basis of the change of
the relaxation magnetic moment in the presence or absence of the
corresponding analyte [72]. Moreover, magnetoresistance can be also applied
to magnetic sensing [73]. In this case, the change of the sensor’s electrical
resistance is measured following analyte binding in the presence of a magnetic
field. Superparamagnetic NPs are normally used as magnetic field
concentrators, but they need to be functionalized with a molecule that
specifically binds the corresponding analyte. Proteins, DNA, and enzyme
reactions have been detected with this technique, given that it is one of the most

sensitive magnetic sensing methods [71, 74].

3. MULTIPLEXED SENSING

Analyte detection involving colloidal NPs often requires the use of
multifunctional NPs. In this context, the simplest sensing system would be
formed by NPs that produce or enhance a signal (which can be detected
optically, electrically, magnetically, etc.), coated with a recognition element such
as an antibody or an analyte-sensitive fluorophore. Multianalyte sensing could
be achieved simply by producing similarly functionalized NPs with different

recognition elements according to the respective analytes and with individually
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resolved readout (for example, by different wavelengths in the case of optical
readout). However, practical problems, such as cross-reactivity between
analytes to different recognition elements involving limited selectivity, signal
overlap of the different readouts, and limitations related to the NP
functionalization, have to be considered. Not only does multiplexed detection
reduce costs, sample volume, and assay time, but it is convenient for the
analysis of real samples, such as blood or river water, in which many different
analytes can interfere with the signal of a specific sensor. Therefore, there is
increasing interest in developing multiplexed sensors that can substitute
individual analyte-detection assays, such as enzyme-linked immunosorbent

assays (ELISAs) for tumor markers [75].

In this section, we discuss some recent nanotechnology strategies applied
to multiplexed sensing. There are two different approaches: assays based on
particles in suspension and assays based on planar arrays. Advantages of the
use of particle sensors in suspension include (a) the higher surface-to-volume
ratio for receptor conjugation and target analyte binding; (b) the better
accessibility of the analyte to the sensing surface, given that sensor particles
move in solution similarly to the analyte; and (c) the possibility of incorporation
in vivo by targeted delivery. This approach also has some drawbacks: (a)
particles in suspension are normally less sensitive (i.e., have higher detection
limits) than planar array sensors; (b) their stability and reusability are often
lower; (c) multiplexing due to spatial separation is more easily achieved for
planar arrays of NPs; and (d) in the case of in vivo sensing, one must take into
account the fact that NPs may stay in the body for a long time and thus have
cytotoxic effects. We describe two scenarios: sensing based on dispersed
particles in solution and sensing based on particles associated with planar
arrays. In the first case, readout is typically carried out without the particles
having to be ordered on specific positions; in other words, the particles are
randomly dispersed in solution (after the binding of the analyte) or are

54



I.2. Multiplexed sensing and imaging with nano- and microparticles

randomly associated with a surface (without order). In the second case, readout
is based on structured surfaces on which the particles are bound to specific

locations (Figure 2).

Figure 2. Classification of sensors on the basis of multifunctional particles. (a) Particles
are dispersed in solution, and following analyte binding, readout can be performed in
solution or on a planar surface, where sensor particles are randomly distributed. (b)
Readout is based on structured surfaces on which the particles are bound to specific
locations.

3.1. Multiplexed sensors based on dispersed particles in solution

For multiplexed detection in solution, particles must be designed to carry
receptors for specific analytes. Also required are the corresponding transducer
and an encoding scheme for use in determining which receptor is emitting the
signal [76]. In this section, we focus on optical readout because it is the most

frequently used technique for multiplexed sensing with dispersed particles.

Multiplexing can be achieved by spectral, spatial, and temporal separation
of the readout originated from different particles (which are sensitive to
different analytes) [77]. Before we describe the different principles for
multiplexed sensing, we note that in all sensing applications involving particle-
based sensors, one must be aware that the analyte concentration close to the
(sensitive) particle surface in general differs from that in bulk [76]. This
problem can be easily understood with the following examples. First, in the case
of ion detection, electrostatic interaction between the corresponding ion and

the particle surface occurs when the particles are charged. Debye-Hiickel-
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based screening on the particle charge with counterions thus involves ion
concentrations close to the particle surface (where the actual detection takes
place) that are different from those in bulk [78-80]. Second, in the case of
protein detection, one has to be aware that proteins often (nonspecifically)
adsorb to the surface of particles, forming the so-called protein corona [81, 82].
Thus, the protein concentration at particle surfaces is generally higher than in
bulk. Third, the sensing element (for example, an analyte-sensitive fluorophore
bound to the particle) can be influenced by the particle. If the sensing element,
the actual probe, is bound inside a (porous) particle or to the particle surface,
then the particle impregnates a different environment to the probe. The
environment near the particle can be, for example, more apolar than the
surrounding aqueous solution, which can affect the response of the probe [83].
One must therefore be aware that what particle-based sensors actually detect

are local analyte concentrations, not bulk concentrations.

In case the spectrally resolved readout is based on fluorescent particles,
multiplexing can be performed by using a set of particles emitting at different
wavelengths, whereby the fluorescence readout of each particle-based sensor is
sensitive to one analyte species. Spectrally resolved fluorescence measurements
allow several analytes to be detected in parallel. The most significant problem
with this approach is spectral overlap of the fluorescence from different
particles. QDs are better suited to this purpose than particles that are decorated
or filled with organic fluorophores, given that the emission spectra of QDs are
generally narrower and do not have a red tail [1]. For example, investigators
have simultaneously detected enzymatic activity from two different enzymes by
using a simple assay procedure based on QDs with distinct emission spectra
[46]. The enzymatic biomarkers uPA protease and Her2 kinase were detected at
concentrations that were clinically relevant for the determination of breast
cancer prognosis by use of two differently functionalized QDs with different
emission spectra. The first QD dequenched following enzymatic degradation
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(Figure 3a,b). FRET occurred between the second QD (donor) and an organic
dye (acceptor) when the residue of the enzymatic reaction was bound to a
specific antibody functionalized with organic dyes on the surface of the QD
(Figure 3c,d ). Another example, also based on various QD emissions, involves a
direct multiplexed sensor for Ag* and Hg?*. The QDs were functionalized with
different nucleic acids that specifically bound Ag* or Hg?+ (84). Thereafter, the
presence of these ions in solution caused the formation of Ag+-cytosine or Hg2+-

thymine complexes and resulted in QD electron-transfer quenching.
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Figure 3. A multiplexed sensor for uPA protease and HerZ2 kinase. (a,b) The protease
sensor is based on the quenching of quantum dots (QDs) emitting at 525 nm (a) and
further dequenching in the presence of uPA that cleaves the substrate and releases the
gold nanoparticles (AuNPs) responsible for the quenching. AuNPs absorb light very
efficiently due to their surface plasmon resonance (b). (c,d) The kinase sensor is based on
Forster resonance energy transfer (FRET) from QDs emitting at 655 nm to organic dyes
that label the antibody bound to the analyte on the surface of the QDs following an
enzymatic reaction. Modified from Reference 46 with permission.

Multiplexed, spectrally resolved optical readout can also take place with

plasmonic NPs because the LSPR depends on the size and shape of the
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plasmonic NPs [85]. Thus, plasmons of different types of NPs can be recorded at
different wavelengths. This property has been used to create a multiplexed
LSPR sensor involving gold nanorods (AuNRs) with different aspect ratios [86].
In this study, the ratio between the length and the thickness of the rods
determined the respective readouts. NRs with different aspect ratios were
modified with recognition molecules for various analytes. The binding of the
analytes to the different AuNRs can shift the plasmon band position and modify
its extent. In this context, investigators have carried out parallel detection of
three different cell-surface markers and detection of two different types of
bacteria [87, 88]. Although these sensors can detect only a few different
analytes in parallel (given that the plasmonic peaks are relatively broad and
thus suffer from spectral overlap), they are interesting because of their simple

design and ease of use.

The principles discussed above are based on ensemble measurements
that allow for simultaneous readout. Each particle is responsible for the
detection of one analyte, giving rise to the corresponding signals at different
wavelengths. Thus, readout can be spectrally resolved. However, there is an
alternative way to read out particles one by one; in other words, readout can be
spatially resolved. In this case, spectral overlap does not pose a problem
because the particles are spatially separated and readout can be correlated with
individual particles [77]. To read out particles one by one in solution, one can

use either flow cytometry or microscopy.

In this context, there are two readout strategies both based on bar-coding.
In the first strategy, analyte-sensitive readout can be combined with a bar code.
The bar code identifies the analyte for each optical readout. Consider, for
example, a class of fluorophores that are sensitive to Na* and another class
sensitive to K* and that the emission spectra of both types of fluorophores
overlap. If two types of particles that make up either the Na*- or K+*-sensitive
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fluorophores, along with a corresponding bar code, are produced, then one can
classify each particle by first reading the bar code, which reveals whether the
fluorescence from the analyte-sensitive fluorophore corresponds to Na+* or K+
[77]. QDs are very useful for the production of fluorescent bar codes due to
their narrow emission band. Compared with that of organic dyes, the emission
of different QD species can be better spectrally resolved, so more codes can be
generated. For instance, the inner -cavities of porous microparticles
(polyelectrolyte capsules) were loaded with analyte-sensitive fluorophores, and
the surfaces of the fluorophores were tagged with a QD-based fluorescence bar
code. This system allowed three ions (H*, Na*, and K+) to be detected in parallel,
despite the spectral overlap of the analyte-sensitive fluorophores (Figure 4)

[44].

pH sensor Na* sensor K* sensor

#* Reference dye X ¥ % Sensordves for H*. Na* and K* @3 QDs

Figure 4. Simplified scheme of multiplexed sensors for H*, Na*, and K* based on quantum
dot (QD) bar codes. Ion-sensitive dyes are encapsulated, together with a reference dye, in a
permeable multiple-shell structure within the capsule to enable ratiometric
measurements. The emission of the specific ion sensors may overlap, but the bar codes
made with the different QDs allow for discrimination between signals.

The second bar code-based strategy is based not on active sensing (i.e.,
there is no molecule or particle of which the readout is altered following
binding of the analyte), but on passive detection. On the basis of molecular
recognition, analyte molecules in solution are tagged with a bar code; that is,
bar codes need to be modified with analyte receptors. Consider a scenario in
which different viruses are to be detected in solution. Antibodies for the

different viruses would be modified with different bar codes. By observing one
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by one the conjugates that form (as mentioned above in the context of flow
cytometry or with microscopy), one can identify the different viruses. An
important example is a multiplexed sensor for five different genetic biomarkers
(human immunodeficiency virus, malaria, hepatitis B, hepatitis C, and syphilis)
developed by Giri et al. [43]. These authors encoded microbeads with QDs of
different emission wavelengths and intensities to produce a library of bar codes
for multiplexed detection; this library exceeded the limit of 100 useful bar codes
of similar systems involving organic dyes instead of QDs. The bar-coded particle
bound the biomarker without causing any change in its fluorescent emission. A
universal fluorescent probe that binds all biomarkers was used to discriminate
between the unbound bar codes and the analyte-bar-coded particles. Only
when there was colocalization between the emission of the bar code and the
universal probe was the analyte bound to the bar code. Readout was performed

with flow cytometry (Figure 5).
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Figure 5. Microbeads labeled with different mixtures of quantum dots for multiplexed
biomarker detection. Each sensor is functionalized with a capture DNA strand (steps 1
through 3). In solution, hybridization occurs between the specific target biomarkers and
the universal detection probe. The universal labeled probe is used to differentiate between
bar codes bound to the biomarkers and free ones. Finally, the sample is analyzed by flow
cytometry, in which each particle is analyzed individually.

SERS-encoded NPs are a promising alternative to bar-coding [89].
Particles should contain organic molecules (SERS reporters) in close contact

with or bound to the plasmonic surfaces, providing the signature of the particle
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[90]. The particle should be separately functionalized with an analyte receptor
[91]. Due to the uncountable number of molecules, each of which has specific
vibrational spectra, a multiplexed sensor based on SERS-encoded NPs can be
considered limitless. However, the number of codes that can be experimentally
produced is restricted by several factors involved in the synthesis of
multifunctional particles, such as the binding of the SERS reporter on the
metallic surface, the insufficient field enhancement necessary to raise the SERS
signal up to detectable levels, and the stability of the particles. Many examples
of the synthesis of encoded NPs for SERS sensing in solution exist [92, 93] but
the multiplexed sensing of a large number of analytes is still in its infancy, so
more universal strategies for the SERS-encoding and detection should be
performed. In vivo multiplexed sensing has been demonstrated only recently

[94].

Another example involves plasmonic NPs assembled on a surface for the
design of SERS-based multiplexed sensing platforms [95]. So-called sandwich-
type DNA coated silver NP arrays have been used to specifically hybridize
various DNA strands labeled with different SERS probes [96]. Multiplexing can
take place because different SERS labels can conveniently be spectrally resolved
(Figure 6); thus, no structuring of the surface is required. The number of DNA
strands that can be detected in parallel is limited by the number of SERS labels
that can bind DNA and by the length of the DNA strand (with sufficient
enhancement of the Raman signal, which depends on the number of labels and
the distance between the labels and the surface). The creation of hot spots
following DNA hybridization has also been exploited in multiplexed SERS-based
sensors involving sandwich-type DNA arrays to reach a DNA detection limit of

10 pM [97].
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Figure 6. A multiplexed DNA sensor based on silver nanoparticles (AgNPs) deposited on
silicon wafers and functionalized with thiolated DNA (1 and 2) strands for the specific
hybridization of DNA (1) and DNA (2) and the corresponding surface-enhanced Raman
spectroscopy-labeled DNA reporters. (a) Only DNA (1) in solution. (b) A mixture of DNA
(1) and DNA (2) in solution. (c) Only DNA (2) in solution. Abbreviation: SH, thiol group
termination. Modified from Reference 96 with permission.

Encoded hybrid materials can help improve the number of analytes
detected in parallel, as discussed in the previous section. However, if a second
encoding scheme is added to multifunctional NPs, then the number of parallel
detected analytes can be multiplied. This idea was introduced by Wang et al.
[98], who recently produced a hybrid system based on AuNRs coated with SiO,
and encoded with different QDs with different emission and SERS labels. The

resulting immunoassay has great potential for multiplexing.

In addition to spectral and spatial discrimination, temporal resolution of
different optical sensors can also be performed. In the case of fluorescent
particles, analyses of luminescence lifetime and the intensity-to-lifetime ratio
allow for discrimination between signals that may be spectrally overlapped [99,
100]. Sensors based on lifetime measurements of QDs exist [101], but to the
best of our knowledge, multiplexed sensors based on lifetime measurements
are still uncommon. Techniques such as fluorescence lifetime imaging

microscopy (FLIM) will probably extend the use of temporal discrimination in
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optical biosensing. Recently, cellular viscosity was studied with fluorescent
ratiometry and FLIM [102], and multiplexed sensing is likely to evolve in this
direction by simultaneously taking advantage of several measurements, either
spectral and temporal or spatial and temporal [103]. An example of a promising
technique in multiplexing wherein lifetime and spectral measurements of
fluorophores can reveal information about analyte binding involves multiplexed
FRET assays. If FRET occurs, not only the emission intensity and wavelength of
the donor and acceptor fluorophore but also the lifetime can be changed
(Section 2). Multiplexed FRET assays for biosensing have been developed on the
basis of (a) FRET from luminescent lanthanide complexes to several different
QDs (acceptors) following molecular recognition [104] or (b) FRET from several

QDs (donors) to organic dyes for the detection of DNA [105].

Although most of the examples of multifunctional NPs used for
multiplexed sensing in solution involve optical detection, there are remarkable
examples that mix several detection modes. These include magnetofluorescent
nanoparticles, which can be used for flow cytometry and diagnostic MR

detection [106, 107].

3.2. Multiplexed sensors based on particles associated with planar

arrays

Planar arrays, composed mainly of metallic and semiconductor NPs and
arrays of biomolecules such as DNA and antibodies that bind NPs, have been
extensively studied for use in NP-based optical or electrical biosensors [108-
110]. Multiplexed sensing with NPs associated with (typically planar) arrays
can easily be performed because of the possibility of positional encoding [111].
The general idea is to detect various analytes at different positions of the
(generally structured) array. In this section, we discuss recent examples of

multiplexed sensors based on NP planar arrays.
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3.2.1. Localized surface plasmon resonance spectroscopy

LSPR-based multiplexed sensors detect, for example, changes in
interparticle distance; modification of the refractive index; and changes in color
in the LSPR of NPs due to the presence of analytes, whose individual signal can
be differentiated by specific receptors, normally DNA or antibodies [112-114].
Colorimetric assays can be produced through functionalization of a
microstructure chip with different antibodies in different regions. The addition
of a solution with antigen produces specific antibody-antigen binding, and
depending on the amount of antigen, the response in color (and absorbance)
may differ. This method is sensitive and specific. Endo et al. [115] applied this
method to eight different proteins. In a similar approach, investigators modified
the above-mentioned scanometric assay by using antibodies instead of DNA
microarrays and electroless deposition of gold instead of silver. The light was
thereby scattered by antibody-oligonucleotide hybrid AuNPs, and the
amplification of the signal was greater than that of precedent scanometric
assays due to gold deposition (Figure 7). The assay detected very low
concentrations of different proteins, in this case in serum, without the need to
trap of the analyte in solution with two differently labeled NPs. This process
eliminated several steps from the production of the multiplexed sensors [116].
Note that scanometric assays are US Food and Drug Administration-approved
detection methods for biological samples. Therefore, they are among the most-

studied and most widely used methods for multiplexed analyses involving NPs.
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Figure 7. A scanometric immunoassay. Abbreviation: AuNPs, gold nanoparticle. Modified
in part from Reference 116.
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In addition to direct arrangement of the NPs via recognition of the analyte
on the array surface, NPs that have captured an analyte can also be arranged via
bar codes. Bar codes can be made, for example, with biological molecules. An
interesting example is a multiplexed sensor based on bio-bar-coded AuNPs and
scanometric detection (involving colorimetric detection) [117]. The analytes—
in this case, protein cancer markers—are trapped by two different types of NPs,
DNA bar-coded AuNPs and MNPs, which have different antibodies that bind the
same protein in different epitopes. Magnetic separation is applied after the
analytes are trapped in solution by the antibodies bound to the surface of the
MNPs. The DNA used as a bar code is then released from the gold surface and
quantified in a scanometric detector (LSPR-based detection). Again, the
detector involves (smaller) AuNPs and a silver-layer coating that significantly
amplified the signal and reduced the detection limits. Figure 8 depicts this
multiplexed sensor, which is very sensitive and specific. However, it requires

many functionalization steps for numerous different NPs.
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Figure 8. A bio-bar-coded gold nanoparticle (AuNP) assay for multiplexed protein
detection. Scanometric detection also involves a silver coating to improve sensitivity (not
shown for simplicity). Abbreviation: SH, thiol group termination. Modified from Reference
117 with permission.

Recently, copper-capped silica particles have been used to develop a cost-
effective optical setup on disposable chips capable of multiplexed sensing of
biomolecules; the chips have a detection limit of 10 fM. The assay is based on
measurable changes in the refractive index in the presence of analytes (in this
case, different DNA strands), which arise from the LSPR of the copper layer
deposited on the silica NPs [118]. The combination of LSPR refractive-index
sensing and the well-known ELISA assay has led to the development of another
colorimetric multiplexed sensor with single-molecule sensitivity. This new
technique takes advantage of the amplification of the shift of the LSPR
scattering maximum following an enzymatic reaction that allows for the
detection of one or a few enzymes [119]. The authors have not yet applied this

new approach to multianalyte analyses, but due to the sensor configuration and
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the results from single-particle analyses, multiplexing is highly anticipated,

along with the development of nonfluorescence single-molecule ELISA assays.

3.2.2. Electrochemical immunosensors and immunoassays

Electrochemical immunosensors and immunoassays (Ells) are
electrochemical sensors in which antibody-antigen interactions occur on an
electrochemical transducer (in immunosensors) or the immunological material
is immobilized on a solid support, such as a nanomaterial. Following sandwich
or competitive immunoreactions, the solid support containing the
immunological material is attached to the transducer surface (in
immunoassays) [120]. Ells are excellent candidates for multianalyte analysis in
terms of clinical diagnosis, in which the biological agents to be detected are
present in very low concentrations [121]. Multiplexed analysis can be
performed in Ells when the sensing electrodes are sufficient separated to
prevent signal interference (cross talk) between neighboring electrodes. Very
low analyte concentrations can be detected through amplification of the
antibody-antigen interaction transduction signal with labels such as enzymes
or NPs [122]. NPs can have different functions within the sensor (Section 2.2),
such as trapping analytes and improving the transducer surface for better

antibody adhesion.

Interesting examples of Ells involving multifunctional NPs have recently
been provided [60, 123]. Mani et al. [124] produced a multiplexed sensor for
four different oral cancer biomarkers that can be used with clinical samples.
These authors achieved ultralow detection (5-50 fg ml-1) on the basis of
amperometric measurements. In another study, magnetic nanobeads were
functionalized with both an antibody to capture a specific analyte and
horseradish peroxidase to amplify the signal during the detection on the planar

electrode. In the first step of the detection, the magnetic beads functionalized
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with specific antibodies captured the corresponding analyte due to antibody-
antigen interactions; then, these magnetic nanobeads were magnetically
separated from the solution. The second step of the detection involved the
binding of a second antibody with the corresponding antigen on a planar
electrode. This time, the second antibody bound to another epitope of the same
antigen, and the unbound magnetic nanobeads were washed out. Multiplexing
was achieved through the use of several electrodes in parallel [125]. Figure 9

depicts this multiplexed sensor.

Ab,-magnetic

nanobeads — ﬁ—
| "
Ab;-analyte binding Amperometric
* clinical sample detection

Voltage + Hz0;

Magnetic separation

Figure 9. A gold nanoparticle (AuNP) array functionalized with antibodies (Ab;) for the
ultrasensitive detection of cancer biomarkers. The sensor also contains magnetic beads
labeled with antibodies (Ab1) and horseradish peroxidase for amplification and biomarker
capture. Multiplexing is achieved through parallel detection in different electrodes.

AuNP arrays are useful in immunoassays for several reasons. First, they
increase the electrode surface area. Second, they facilitate the attachment of
numerous antibodies due to the easy functionalization of gold surfaces. The
production of high-AuNP-coverage electrodes depends on both the stabilizing
molecule on the gold surface and the electrode surface. Often, it is necessary to
coat the electrode with a layer of molecules that increase the adhesion of the
AuNP. For example, positively charged polyelectrolytes such as PDDA
[poly(diallyldimethylammonium chloride)] can be used to increase the AuNP’s
adhesion. Similar electrodes have been produced for multiplexed protein
detection by use of carbon nanotube arrays, but their detection limits,

68



I.2. Multiplexed sensing and imaging with nano- and microparticles

reproducibility, and stability were lower than those of the AuNPs arrays [124,
126, 127].

Multiplexing as discussed above, is based on the use of an array of
differently functionalized electrodes. Geometrically, the number of electrodes
that can be used in parallel is limited [128]. However, as an alternative to
electrode arrays, spatial resolution and, thus, multiplexing capability can be
achieved by use of a light pointer in connection with a semiconducting
electrode surface to select defined points on an electrode surface [129-131].
The light pointer creates a local photocurrent whose amplitude is influenced by
local redox reactions on the electrode surface. The semiconductor layer can be
constructed from QDs [57, 58]. The first observations of enzymatic reactions
have already been reported [55, 66, 132, 133]. Although multiplexed analysis
has not yet been practically demonstrated, its spatial resolution capability

clearly demonstrates its potential.

3.2.3. Giant magnetoresistive sensors

Giant magnetoresistive (GMR) sensors are a promising and low-cost
alternative for the detection of proteins and nucleic acids. In the former case,
antibody arrays must be prepared beforehand to specifically capture the
corresponding analyte. Functionalized MNPs in solution that bind the same
antigen are used to detect the presence of an analyte by measuring the small
changes in resistance due to the binding event in the presence of a magnetic
field. Multiplexed sensors have been developed using this technique, but their
reproducibility and sensitivity remain compromised in extended sensing

applications with real and untreated samples [134-138].

There are many other examples of the use of NP arrays or NPs as labels in

immunoassays, such as chemiluminescence imaging immunoassays involving
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horseradish peroxidase and AuNPs [139]. New strategies for multiplexing with
planar arrays are continually being introduced due to their significant
possibilities in multifunctional NP synthesis and the application of new
materials, such as fluorescent nano-graphene oxide and ensemble aptamers

instead of more specific DNAs for analyte recognition [140].

4. MULTIMODAL IMAGING

In recent years, many applications of NPs to bioimaging and diagnosis
have been developed [141-143]. The most important example is undoubtedly
the use of MNPs in magnetic resonance imaging (MRI) [144-147]. However,
many other NP applications are expected to find clinical use in the near future.
Advances in colloidal chemistry have enabled “a la carte” design of
multifunctional particles. By combining elements such as radioactive isotopes,
QDs [31, 148], and organic dyes in the same nanostructure or microparticle, one
can easily obtain multimodal nano- or microcomposites. The use of multimodal
labels is necessary to overcome the limits of any single technique, such as
spatial resolution or bleaching. Cheon & Lee [149] explored these ideas on the
basis of multimodal imaging probes consisting of MNPs with further
functionalities, namely radionuclides enabling positron emission tomography
and fluorescent moieties for optical tracking. These probes can be modified
with anchor molecules such as antibodies, peptides, DNA, and RNA, permitting

the investigators to address specific targets.

Liong et al. [150] provided an example of advantageous MNP-based
multimodal systems. These authors applied multifunctional iron oxide-
mesoporous silica NPs that were detectable both optically and by MRI. They
rendered the particles suitable for live-cell imaging and therapeutic purposes

by targeting them specifically to human cancer cells. Moreover, those particles
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were simultaneously used to deliver hydrophobic anticancer drugs (or other

molecules) into cells.

Nahrendorf et al. [151] investigated a comparable trimodal imaging
system comprising MRI (iron oxide core), PET sensors (chelator ligand
complexing the radiotracer Cu¢*), and fluorescence (VivoTag-680™) that
enabled in vivo studies of the detection of macrophage markers, specifically, the
detection of inflammatory atherosclerosis. Given the lower required
concentration of NPs and their higher target-to-background ratio, the authors
found this technique especially relevant for clinical use. The production of
nano- or microprobes for multimodal imaging in vivo can be difficult, mainly
because of targeting issues [152, 153], the colloidal stability and purity of the
probes, the retention time in vivo [154], the long-term stability of the signal,
degradability, possible toxicity, and the clearance mechanisms of the probes in
humans. Degradation over the long term and dissolution of the nanoprobes
within the body are very difficult to avoid, in particular in the case of corrosive
NP materials such as CdSe or silver. Regarding in vivo applications, the use of
toxic materials (e.g., radiotracers) or materials that deliver toxic ions during
dissolution (e.g., CdSe QDs) should be minimized. Nevertheless, in specific
instances, the lack of a diagnosis would be worse for the patient than the risk

posed by the probe itself (e.g., a PET sensor).

Several types of multimodal particle platforms exist. On the NP level, for
example, polymer coated NPs purified with gel electrophoresis and size-
exclusion chromatography fulfill most of the above-mentioned requirements
[80, 155]. They are very stable and pure [156-158]; their size is reasonably
small; and in the size range for the longest blood circulation time (10-100 nm)
[159], the surface charge can be varied [160], the polymer shell itself does not
impose enhanced cytotoxicity [161], and the polymer protecting the core can be

loaded with functional entities [162]. For these NPs, the inorganic core can be
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used as the first label (for example, it can be made magnetic, fluorescent, or
radioactive), and the second label can be incorporated within the amphiphilic
polymer that stabilizes the NP surface [155, 157, 158]. Both labels are thereby
protected from the biological environment, which helps improve signal stability
and leaves the NP surface free for further functionalization by, for instance, cell-
penetrating peptides, molecular receptors, or molecules that improve cell
circulation such as poly(ethylene glycol) [154]. Figure 10 presents examples of

such probes.
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Figure 10. Strategy to produce multifunctional nanoparticles (NPs) for dual imaging. (a)
Inorganic cores (gray) can be synthesized with different materials that are magnetic,
fluorescent, or radioactive. Organic molecules are stabilized on the NP surface following
core synthesis. The cores are coated with an amphiphilic polymer that makes them water
soluble. The amphiphilic polymer is loaded prior to coating with the second label
(fluorophore, radioactive atom, etc.), and the final NP is double labeled. (b) Table
including the possibilities of NPs for dual imaging based on polymer-coated NPs.

Fluorescence microscopy can be conveniently combined with SERS

imaging through the incorporation of dyes, SERS probes, and even surface-
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enhanced resonance Raman scattering (SERRS)-active labels in the same
multifunctional particle. Core-shell particles made from a gold core and an
organosilica shell are good platforms for the simultaneous entrapment of
fluorophores and SERS probes. Cui et al. [163] produced ~100-nm-diameter
core-shell particles loaded with fluorescein isothiocyanate and malachite green
isothiocyanate (green dye and SERS label). In a further demonstration of
multiplexing, the authors synthesized similar particles with fluorescein
isothiocyanate and X-rhodamine-5-(6)-isothiocyanate (green dye and SERRS
label) (Figure 11a). Multimodal imaging in living cells was thereby

demonstrated with these two differently labeled types of particles.

Currently, SERS imaging is limited by light penetration. NPs can be
detected at a maximum depth of 1 cm [164]. The combination of SERS with
techniques such as spatially offset Raman spectroscopy could pave the way for
clinical detection because the depth can be increased to up to 5 cm [165]. In
SERS applications and, more importantly, in bioimaging, the metallic surface of
the NPs should be protected with an appropriate shell that hinders the
adsorption of molecular species that could interfere with the vibrational code of
the SERS probe. Silica shells have been used primarily for SERS applications and
for multimodal imaging based on colloidal NPs because of their (a) reduced
agglomeration, (b) biocompatibility, (c) optical transparency, (d) tunable
porosity, (e) chemical inertness, and (f) ease of further functionalization [166].
Figure 11 shows several examples of multimodal NP imaging probes built up
with silica shells and different inorganic cores. Not only do silica shells act as
protective shells, but also they can be loaded with fluorophores, SERS and
SERRS labels, or other NPs (Figure 11a). For example, the surface of Fe304,@Si0O-
core-shell particles was further functionalized with AuNRs for in vivo MRI and
IR imaging [167]. Also, more than two imaging modalities can be used within
one NP (Figure 11c). Hwang et al. [41] have produced quadruple-labeled

particles by first coating cobalt ferrite NPs with a silica shell entrapping
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rhodamine B isothiocyanate and then functionalizing the silica surface with an
organic dye. The bioluminescent protein luciferase was added as the third label
and radioactive ¢8GaCl; as the fourth. These particles were successfully used in
five in vivo imaging techniques: fluorescence, bioluminescence, BRET, positron
emission tomography, and MRI. The same authors monitored in vivo and in
vitro uptake in target cells of similar particles that were functionalized with
specific aptamers with fluorescence microscopy, radioactive detection, and MRI

[168].
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Figure 11. Different multimodal nanoparticle (NP) probes made with core-shell particles
involving silica coating. (a) Particles for surface-enhanced Raman spectroscopy (SERS)
and fluorescence imaging. Gold nanoparticles (AuNPs) are coated with a silica layer that
entraps both the SERS probe and the fluorophore. Image adopted from Cui et al. [163]. (b)
Particles for in vivo magnetic resonance imaging and IR thermal imaging. Fe304 ellipsoids
are coated with silica and gold nanorods (AuNRs). Image adapted from Ma et al. [167]. (c)
Quadruple imaging based on a magnetic core coated with a silica shell embedding a
fluorophore, and further silica surface functionalization with a bioluminescent protein
and a radioactive isotope. Abbreviation: PEG, poly(ethylene glycol). Data adapted from
Hwang et al. [41].
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Silica shells have also helped produce lanthanide-based multifunctional
NPs. Upconverting NPs are interesting for multimodal imaging due to their
special 4f electron structure, their rich optical and magnetic properties, their
biocompatibility, and the tunability of their emission wavelength [169]. More
importantly, the upconversion of light due to anti-Stokes emission significantly
minimized the background and simplified the discrimination of the signal from
the target tissues or cells, compared with other optical techniques. Core-shell
trimodal particles involving silica shells have recently been produced for X-ray
computed tomography, MRI, and fluorescence imaging, demonstrating their

suitability for further in vitro and in vivo applications [170, 171].

Multifunctional particles can also extend the application of certain imaging
techniques, such as for magnetophotoacoustic (MPA) imaging. MPA imaging is
based on the synergy of magnetomotive ultrasound, photoacoustic, and
ultrasound imaging. It is a noninvasive technique that can be applied in
diagnosis. To this end, Jin et al. [172] recently introduced a new class of core-
shell NPs made from an iron oxide core and a gold shell separated by
phospholipid-poly(ethylene) glycol and a layer of polyhistidine (Figure 12).
Due to the hybrid nature of these NPs, their contrast, resolution, and sensitivity
obtained in ultrasound imaging were acceptable. Otherwise, the technique is
not yet good enough in terms of contrast, although it remains interesting due to
its resolution at reasonable depths, nonionizing nature, cost-effectiveness, and
portability. Moreover, the particles can be imaged with electron microscopy,

MR], and scattering-based techniques.
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Figure 12. Core-shell iron oxide-gold nanoparticles. Magnetic nanoparticles (MNPs) were
initially stabilized with oleic acid (gray), then coated with phospholipid-poly(ethylene
glycol) (PL-PEG)-COOH and polyhistidine (PLH) to form a gold layer through the reduction
of the salt HAuCl, by NH;OH on the particle surface.

Multilayer polyelectrolyte capsules are promising candidates for
multimodal imaging because they can simultaneously incorporate several labels
that are spatially separated. In Section 3.1, we describe bar-coded capsules for
multiplexed analysis [44]. Multimodal imaging can be easily achieved in the
same manner by combining organic labels with inorganic NPs that act as
contrast agents. In addition to optical detection with fluorescence microscopy,
the magnetic properties of capsules loaded with superparamagnetic NPs are
suitable for MRI [173]. Moreover, Johnston et al. [174] have demonstrated that
it is possible to control the binding and uptake of such capsules on target cells

by antibody labeling.

5. IMAGING AND SENSING

Many multifunctional NPs can be used for either imaging or sensing. The
classical example is iron oxide-based NPs, which are useful in MRI as negative-
contrast agents (image darkening) and in magnetoresistive immunoassays as
nanotags [134, 144]. However, there are fewer examples of particles that can be
applied simultaneously to in vivo or in vitro imaging and sensing. The
application of multifunctional particles for such purposes could lead to great

advances in diagnosis. The size of NPs is similar to that of ribosomes and some
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proteins; therefore, NPs may be able to simultaneously detect and localize
changes in biomolecule or ion concentrations that are related to many diseases.
In this context, nanoprobes based on organic polymers have been used to
simultaneously image and estimate local concentrations of O; in vitro [175,
176]. Moreover, polymer matrices such as PEBBLE nanosensors have
incorporated several fluorophores for imaging and ratiometric determination of
in vitro ion concentrations [177]. Rare earth-doped NPs have been used as in
vitro and in vivo luminescent tags and temperature sensors [178, 179].
Recently, SERS nanotags were simultaneously employed to image and detect

cancer biomarkers in vivo [94].

Another alternative, similar to PEBBLE sensors, is the nanostructured
production of polymer microcapsules that simultaneously incorporate NPs and
fluorophores that are sensitive to different analytes [44, 180]. In vitro
experiments to estimate pH changes in cells have been performed, but given the
feasibility for multifunctionalization involving bar-coding, antibody
functionalization, and ratiometric measurements, many future applications

involving simultaneous imaging and sensing are likely [44, 174, 181].

6. OUTLOOK

This review describes many strategies for multiplexed sensing and
multimodal imaging involving multifunctional nano- and microparticles.
Although interesting examples have been published, most of these techniques
have not yet been used for detection with real samples, such as blood serum, or
for in vivo imaging. Some of these sensing techniques still lack reproducibility.
With regard to in vitro detection, DNA arrays, for example, have been
successfully used for multiplexed sensing of various analytes. However, the
values obtained for the analyte concentrations are often only informative and

not quantitative. Antibody arrays are promising substitutes for DNA arrays
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because they can detect, in the case of gene expression, proteins directly from
protein-antigen interactions, so quantification should be easier to perform.
However, the use of antibodies for analyte trapping or recognition poses certain
problems. The epitope where antibody-antigen binding takes part is only a
small part of the analyte, and antibodies often aberrantly bind epitopes of
nontargeted analytes. Some of the examples discussed above regarding
antibody arrays involve several antibody-antigen binding events to reduce
cross-reactivity. New amplification methods are currently being developed to
improve sensitivity by improving analyte-receptor interaction specificity, as is
the case in applications of orthogonal chemistries to diagnosis and imaging
[107, 182]. Particle stability [76] still poses a problem for in vivo applications
such as particle-based sensors and contrast agents for imaging. Circulation
within the bloodstream and further uptake in target tissues remain the most

critical challenges for nanomedicine [183].
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1.3 Toxicidad asociada a las nanoparticulas

El término Nanotoxicologia apareci6 por primera vez en el afio 2004 y se
define como la rama de la Toxicologia cuyo objetivo es reconocer y evaluar los
riesgos y dafios sobre la salud asociados a las nanoparticulas (NPs) [1]. La
Figura [.3.1 muestra la evolucion en el nimero de articulos cientificos

publicados que contienen las palabras clave “Nanotoxicologia”, “Nanotoxicidad”

o “toxicidad de nanoparticulas”, desde 1980 hasta la actualidad.
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Figura 1.3.1. Numero de articulos cientificos que contienen alguna de las siguientes
palabras/frases clave: “Toxicidad de nanoparticulas”, “Nanotoxicologia “ o
“Nanotoxicidad” (Fuente bibliogrdfica: SCOPUS). La busqueda consistid en identificar la
presencia de estos términos en inglés en los articulos cientificos publicados durante la

ventana temporal que se especifica.

Como se observa en la grafica, el nimero de publicaciones cientificas
relacionadas con la toxicidad de las NPs fue muy reducido entre 1980 y 2004,
sin embargo a partir de este ultimo afo se produjo un crecimiento exponencial

de la investigacién enfocada a profundizar en este area de conocimiento.

La Figura 1.3.2 esquematiza las temaéticas que se abordaran a lo largo de

esta seccién y que pueden enmarcarse dentro del &mbito de la Nanotoxicologia.
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Figura 1.3.2. Temdticas que serdn discutidas a lo largo de esta seccién.

RUTAS DE LIBERACION Y EXPOSICION

Las NPs son liberadas al medio ambiente como consecuencia de
diferentes actividades antropogénicas, tales como los procesos implicados en su
fabricacion, la eliminacion de residuos del uso doméstico o de la actividad

industrial que contengan NPs, o los vertidos accidentales.

Como consecuencia de su uso extendido, las NPs pueden entrar en
contacto con los seres humanos a través de cuatro principales rutas de
exposicién incluyendo, el contacto directo con la piel, la inhalacién, la ingestion,
o la inyeccion intradérmica/intravenosa para aquellas NPs con futuras

aplicaciones biomédicas [2].
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PROCESOS DE INTERNALIZACION CELULAR

Diferentes procesos de internalizaciéon celular permiten a las NPs
atravesar las membranas celulares y penetrar en las células. Los mecanismos de
internalizacién  actualmente descritos en bibliografia se ilustran
esquematicamente en la Figura 1.3.3. Conviene decir que segln el tipo de linea

celular y NP considerada, unos mecanismos tendran mayor peso que otros.

Procesos de internalizacion celular de nanoparticulas

- macropinocitosis

PINOCITOSIS — - pinocitosisadsortiva
(inespecifica)

MECANISMOS
ENDOCITICOS - pinocitosis mediada por
receptores (especifica)
FAGOCITOSIS .
caveolina

- rutas alternativas
independientes declatrina
y caveolina

—> clatrina

MECANISMOS
NO ENDOCITICOS

difusion pasiva

Figura 1.3.3. Representacidén esquemadtica de los principales procesos que permiten a las
NPs atravesar la membrana plasmadtica.

La endocitosis es el mecanismo general de transporte activo a través del
cual la célula capta particulas o grandes moléculas del exterior formando
vesiculas o vacuolas que se segregan de la membrana celular. La mayoria de
estudios cientificos revelan que las NPs son internalizadas principalmente por

mecanismos endociticos como la fagocitosis o pinocitosis [3].

Fagocitosis

Este proceso es muy comun en algunas células especializadas del sistema

inmune (concretamente, monocitos y macrofagos) y permite engullir particulas
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con diametros superiores a 500 nm a través de mecanismos que suponen el
reconocimiento por receptores [4]. Las proteinas que rodean superficialmente
las NPs se unen de forma especifica a los receptores presentes en la membrana
plasmatica. Estas interacciones ligando-receptor activan determinadas
reacciones en cascada de sefales intracelulares que resultan en la formacién de
protuberancias en la membrana, denominadas fagosomas, que engullen los

complejos nanoparticula-proteina [3].

Pinocitosis

Este mecanismo es frecuente en todo tipo de células y permite la
internalizacion de particulas con un tamafio que abarca de unos pocos a varios
cientos de nanémetros. Existen distintos tipos de pinocitosis: macropinocitosis,
pinocitosis adsortiva, pinocitosis mediada por receptores (clatrina y caveolina)

y otras rutas alternativas independientes de clatrina y caveolina [3].

= Macropinocitosis

En términos generales, la macropinocitosis permite la internalizacién de
fluidos externos dentro de la célula. La presencia de NPs en el medio
extracelular pero muy préximas a la membrana plasmética hace que éstas
puedan penetrar accidentalmente dentro de las células junto con los fluidos del
exterior. La membrana forma entonces protuberancias con formas irregulares,

denominadas macropinosomas, que envuelven e internalizan las NPs [3].

= Pinocitosis adsortiva

En este caso, las NPs con carga positiva pueden unirse de forma
inespecifica a determinados sitios de uniéon de la superficie celular cargada
negativamente, lo que permite su internalizacién dentro de la célula [3].
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®» Pinocitosis mediada por receptores (clatrina y caveolina)

A diferencia del mecanismo endocitico anterior, la pinocitosis mediada
por receptores requiere un reconocimiento especifico entre un ligando y su
receptor complementario situado en la membrana plasmatica. La

internalizacion en este caso estd mediada por las proteinas clatrina o caveolina

[3].

La endocitosis mediada por clatrina es el proceso endocitico por
excelencia para la internalizacion de NPs con un tamaifio comprendido entre
100 y 150 nm. Las NPs penetran a través de invaginaciones que estan
recubiertas por las proteinas clatrina. A este mecanismo le sigue en importancia
la endocitosis mediada por caveolina que es bastante comun en células
endoteliales. Las caveolinas son proteinas que integran la membrana celular y
que estan presentes en estructuras denominadas caveolas. Estas estructuras
son invaginaciones con un tamafio entre 50 y 80 nm que se localizan en los
dominios hidrofébicos de la membrana plasmatica que son ricos en colesterol.
Las NPs pueden penetrar en la célula por su interaccidon con las caveolinas y
posterior invaginaciéon dentro de las caveolas que las transportan hasta otros

compartimentos intracelulares [5].

» Rutas alternativas independientes de clatrina y caveolina

Hay otras rutas alternativas independientes de clatrina y caveolina que
suponen la penetracion de las NPs dentro de las células mediante mecanismos

que estan regulados por otras proteinas.

La Figura 1.3.4 muestra los principales mecanismos endociticos discutidos

anteriormente.
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Figura 1.3.4. Mecanismos de internalizacion celular de NPs. Figura perteneciente a [5].

Mecanismos no endociticos

Ademas de las rutas endociticas, también se han descrito algunos
procesos de transporte en los que, concretamente los nanotubos de carbono
(CNTs) funcionalizados, pueden difundir directamente a través de la membrana
celular mediante un transporte pasivo y no selectivo. Los CNTs actiian como
“nanoagujas” que pueden atravesar la bicapa lipidica de la membrana

plasmatica de forma espontanea.

La Figura 1.3.5 muestra imagenes representativas de este mecanismo.
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——
Extracellular medium

Figura 1.3.5. Difusion pasiva de CNTs a través de la membrana plasmdtica. Imdgenes TEM
y figura pertenecientes a [6-8].

Factores influyentes en la internalizacion de las nanoparticulas

La habilidad de las NPs para penetrar dentro de la célula depende en gran
medida de sus propiedades fisicoquimicas, tales como su forma y tamafio.
Algunos estudios cientificos confirman que el grado de internalizacién de las
NPs aumenta cuanto menor sea su tamafio y su forma mas esférica. Cabe afiadir
que incluso habiendo caracterizado exhaustivamente las NPs antes de realizar
los estudios de toxicidad, los cambios de estabilidad que sufren cuando entran
en contacto con ambientes fisiolégicos pueden resultar en la formacion de
agregados de NPs con tamafios y formas variables que dificultan enormemente

la previsién de su grado de interaccion con las células [9,10].

La presencia de grupos funcionales sobre la superficie de las NPs también

condiciona su captacion celular [10]. Un hecho ya demostrado es que las NPs
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interaccionan con las proteinas del suero. En algunos casos esta unién favorece
la internalizacién de los complejos nanoparticula-proteina a través de
mecanismos endociticos mediados por receptores. En otros, sin embargo, la
interaccion conlleva la pérdida de estructura de las proteinas lo que impide su
reconocimiento por la célula y consecuentemente, la penetraciéon de los

complejos nanoparticula-proteina.

Con el propésito de evitar interacciones inespecificas con determinados
componentes celulares, las NPs se pueden recubrir superficialmente con
ligandos tales como el polietilenglicol (PEG) que reduce considerablemente la
adsorcién de proteinas [10]. La funcionalizacién superficial de las NPs con
grupos cargados negativamente reduce su afinidad por la membrana celular
que presenta carga negativa. Sin embargo, incluso en esos casos, las NPs
también pueden atravesar la membrana plasmatica por uniones inespecificas a
los escasos sitios cationicos presentes en la misma. Las NPs que son
funcionalizadas con grupos cargados positivamente tienen obviamente una
mayor afinidad por la membrana y son las mas explotadas con fines biomédicos

[10,11].

Sin embargo, atin considerando el mismo tipo de NP y con la misma carga
superficial, ligeras variaciones en los grupos superficiales o incluso en su
reordenamiento sobre la superficie condicionan un diferente grado de
internalizacion celular para las NPs, lo que demuestra la enorme complejidad

asociada a estos procesos [12,13].

Finalmente y una vez dentro del dominio intracelular, las NPs siguen
determinadas rutas, destacando especialmente la ruta de los lisosomas, aunque
también pueden acumularse en el interior de la mitocondria o incluso en el

nucleo celular [14-16].
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MECANISMOS QUE INDUCEN TOXICIDAD

Hasta la fecha se han descrito distintos mecanismos que explican la

toxicidad asociada a las NPs y que se discutiran a continuacion.

Generacion de especies reactivas de oxigeno

Las especies reactivas de oxigeno (ROS) son generadas de forma natural
como consecuencia del metabolismo celular del oxigeno. Sin embargo, cuando
las células sufren un estrés ambiental, sus niveles de ROS incrementan
considerablemente por encima de los niveles normales. La mayoria de células
tienen mecanismos de defensa frente a este incremento de ROS, pero cuando los
niveles son desmesurados, ademas de prolongados en el tiempo, se producen
dafios celulares inevitables. Las NPs activan la generacidn de ROS a través de los

siguientes mecanismos:

1. Por reactividad directa, degradacion de su superficie o liberacion de
iones (en NPs metdlicas) cuando las NPs son expuestas al ambiente acido

del interior de los lisosomas/endosomas.

2. Por su interacciéon con organulos celulares como la mitocondria de
forma que se altera la actividad funcional de ésta y también las cadenas

intracelulares de transporte electronico.

3. Por su interaccion con proteinas redox como la NADPH oxidasa que

estimulan la generacion de ROS en las células del sistema inmune.

4. Por su interaccién con receptores de la membrana que activan las
cascadas de sefiales intracelulares y la expresion de genes relacionados

con la respuesta al estrés [17,18].
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Alteraci6on de la morfologia celular

Algunas NPs, como las NPs de oro, provocan cambios en la morfologia de
determinadas lineas celulares [19]. Estas deformaciones pueden ser temporales

y parecen ser dependientes de la concentracion intracelular de NPs [20].

Alteracién de las cadenas de seiiales intracelulares y genotoxicidad

Las NPs también pueden ejercer efectos adversos sobre la homeostasis o
equilibrio celular, que finalmente desembocan en dafios sobre el material
genético (genotoxicidad). Las NPs inducen genotoxicidad en las células a través
de los siguientes mecanismos: a) por formaciéon de ROS que danan directamente
el ADN; b) por localizarse en la zona perinuclear dificultando asi la
transcripciéon y traduccién del material genético; c) por liberacién de iones
metalicos; d) por su interaccidn con receptores de la membrana de forma que se
alteran las cascadas de sefiales intracelulares; e) por alterar la expresion de
genes como respuesta al estrés causado por el incremento en ROS; y f) por
interaccionar directamente con el ADN del nucleo. La Figura 1.3.6 muestra todos

los mecanismos anteriormente citados.
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Figura 1.3.6. Mecanismos que inducen genotoxicidad. Figura perteneciente a [17].
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Liberacion de iones al medio intracelular

Una vez internalizadas, las NPs se ven sometidas a fluctuaciones de pH y a
la accién de enzimas proteoliticas como la catepsina L. El ambiente acido del
interior de los lisosomas y endosomas (pH=4.5) puede degradar la superficie de
la NP lo que sigue a la liberacién de los iones presentes en su nucleo. Estos iones
alteran la homeostasis celular y son en muchos casos la causa principal de

toxicidad asociada a las NPs [17,21,22].

Interaccion con biomoléculas

La elevada area superficial y densidad de carga de las NPs hacen que las
proteinas las rodeen inmediatamente formando la estructura denominada
como corona de proteinas (protein corona). Los efectos toxicolégicos derivados
de esta interaccion podrian estar relacionados con los cambios
conformacionales sufridos por las proteinas y sus pérdidas de funcionalidad
[23,24]. Esto a su vez puede desembocar en otros efectos negativos en tanto en
cuanto las proteinas alteradas son reconocidas por el sistema inmune como
objetos extrafios y como resultado pueden ser eliminadas [25]. Las NPs también
pueden inducir defectos en la estructura de la bicapa lipidica como
consecuencia de su interaccion con los lipidos de la membrana. Esto puede
promover la internalizacién directa de las NPs por mecanismos de difusién

pasiva [26].

METODOS DE EVALUACION DE LA NANOTOXICIDAD

Evaluar la Nanotoxicidad resulta bastante complejo por la amplia
variedad de factores que juegan un papel decisivo en la misma. Diferentes tipos
de NPs, propiedades fisicoquimicas, condiciones de incubaciéon (tiempo y

concentracion), lineas celulares, ensayos y posibles interferencias conforman
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un marco de estudio muy amplio que dificulta enormemente el establecimiento
de protocolos sistemdaticos de evaluaciéon asi como la interpretacion y
extrapolacion de los resultados [17]. A continuacion se especifican los ensayos

in vitro mas utilizados actualmente para investigar la toxicidad de las NPs.

Ensavos de actividad metabdlica

Una evidencia clara del dafo celular ocasionado es la alteraciéon de la
actividad metabolica. Uno de los ensayos mas populares en este campo, es el
ensayo del bromuro de 3-(4,5-dimetiltiazol-2-il)-2,5-difenil tetrazolio (MTT). Este
ensayo se basa en la conversidn de una sal de tetrazolio de color amarillo a un
producto insoluble de color azul (formazan), bajo la acciéon de la succinato
deshidrogenasa que es solo funcional en células vivas. El formazan generado se
solubiliza con dimetilsulféxido (DMSO) y se cuantifica finalmente con ayuda de
un espectrofotémetro. Otras sales de tetrazolio como el 3-(4,5-dimetiltiazol-2-
il)-5-(3-carboximetoxifenil)-2-(4-sulfofenil)-2H-tetrazolio y el 2,3-bis-(2-
metoxi-4-nitro-5-sulfofenil)-2H-tetrazolio-5-carboxanilida también han sido
empleadas con el mismo propdsito. Dentro de este tipo de ensayos cabe
mencionar también el ensayo Azul Alamar o de la resazurina en el que se mide el
potencial redox de las células vivas para reducir el colorante resazurina a un
producto fluorescente (resorufina) por la acciéon de sus enzimas mitocondriales

[2,27].

Ensavos de proliferacion celular

Las NPs pueden interferir en la tasa de proliferacion celular y es por ello
por lo que también existen ensayos que evaliian este parametro en células que
han sido expuestas a las NPs. En este sentido, los ensayos cologénicos
investigan la eficiencia de formacién de colonias (CFE) de las células incubadas
con NPs y la comparan con aquella observada en células no expuestas
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(controles). Asimismo, otro ensayo dentro de esta tipologia evalia la
incorporacién de 3H-timidina en el ADN de células vivas. La desventaja asociada
a este ultimo ensayo es la naturaleza radiactiva del is6topo tritio unido a la

timidina, y los largos tiempos de incubacién requeridos (24/48 horas) [2,28].

Ensayos de genotoxicidad

Las NPs con futuras aplicaciones biomédicas deben ser sometidas a una
evaluacion exhaustiva sobre sus posibles efectos adversos sobre el material
genético. Los ensayos in vitro que permiten esta evaluacion se basan
principalmente en detectar la presencia de hebras de ADN fragmentadas,
evidencia mas que suficiente del dafio genético causado. Los métodos mas
populares en este sentido son el ensayo cometa que permite detectar
fragmentos de ADN por su diferente migracién en electroforesis en gel, o bien
los métodos que identifican la presencia de aberraciones cromosomales o
miden la expresion de proteinas implicadas en la reparacién del ADN. El ensayo
TUNEL (Terminal deoxynucleotidyl transferase-mediated deoxyUridine
triphosphate-Nick End Labeling) se basa en el marcaje de los extremos 3'0OH de

los fragmentos de ADN que se generan durante la apoptosis [2,27].

Ensayos de expresion génica alterada
La alteracién de la expresion de determinados genes funcionales puede
evaluarse cuantitativamente con el empleo de (bio)chips de ADN (microarrays) o

mediante la técnica de reaccién en cadena de la polimerasa (PCR) [2,29].

Ensayos de estrés oxidativo

El incremento desmesurado en la produccién de ROS puede resultar por

una respuesta inmune de la célula a la presencia de NPs, o bien como resultado
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de la habilidad intrinseca de algunas NPs (tal es el caso de fullerenos u 6xidos

metalicos) para autocatalizar la formacién de estas especies.

La presencia de ROS puede evaluarse directamente por cuantificar los
niveles intracelulares de ROS o indirectamente, por monitorizar los efectos
secundarios de sufrir un estrés oxidativo prolongado. Entre los métodos
directos destaca la medida de los niveles de glutation (GSH), antioxidante que
juega un papel clave en la defensa celular y cuya disminucién es una prueba
irrefutable del estrés oxidativo. No obstante, el método directo mas extendido
es el ensayo del diacetato de diclorodihidrofluoresceina, basado en un compuesto
que penetra en las células y se hidroliza a un producto verde fluorescente solo
en presencia de ROS. Los métodos indirectos estudian los eventos intracelulares
originados por el incremento en la produccién de ROS, como la peroxidacién de
lipidos. Tal es el caso del ensayo que cuantifica los niveles de malondialdehido,
producto generado por la fragmentacion de los acidos grasos poliinsaturados

[2,27].

Ensayos para evaluar la integridad de la membrana y la necrosis

La habilidad que presentan algunas NPs para destruir células (fenémeno
conocido como necrosis) puede ser evaluada en base a los dafios que ocasionan
sobre la membrana celular. La integridad de la membrana puede ser
investigada mediante el ensayo del rojo neutro, la determinacion del contenido
de lactato deshidrogenasa (LDH) en el medio extracelular, o el ensayo de

exclusién del azul de tripano.

El ensayo del rojo neutro mide la capacidad de las células vivas para
incorporar este colorante en los lisosomas, de forma que si la membrana esta
dafiada, la internalizacién del compuesto disminuye. La citotoxicidad puede ser
cuantificada entonces por medidas espectrofotométricas del colorante y
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comparaciéon con las células control. La presencia de LDH en el medio
extracelular es un indicador de la presencia de células con membranas dafiadas
ya que en estos casos se promueve la excrecion de esta enzima al medio
extracelular. Finalmente, en el ensayo de exclusién del azul de tripano, este
colorante solo es internalizado, y puede teifiir los componentes intracelulares,
de las células danadas. El nimero de células sin tefiir refleja por tanto el

numero de células vivas presentes en las muestras [2,27,30,31].

Ensayos de apoptosis

Varios ensayos in vitro en combinacién con la técnica de citometria de
flujo nos permiten evaluar la apoptosis o muerte celular programada en células
que han sido expuestas a las NPs. En este sentido destacamos el ensayo de las
caspasas y el ensayo de la anexina V. En el primero, se investiga la activacién de
las caspasas (enzimas con actividad proteolitica) que solo se produce durante
las primeras fases de la apoptosis. En el ensayo de la anexina V esta proteina es
marcada con un fluoréforo y se une fuertemente a la fosfatidilserina solo
cuando ésta es translocada fuera de la membrana plasmatica en las células que
sufren apoptosis. La apoptosis también se identifica a través de la morfologia
del nucleo celular que es tefiido con 4'6-diamidino-2-fenilindol (DAPI) y se
visualiza mediante microscopia de fluorescencia [27,28]. Asimismo, los ensayos
de genotoxicidad anteriormente descritos pueden revelar indicios de apoptosis

celular.

Ensayos de alteraciones morfoldgicas

Las NPs también pueden inducir cambios morfologicos en las células.
Estas alteraciones pueden ser identificadas por microscopia, especialmente por
analisis SEM o TEM. Asimismo, a diferencia de las técnicas anteriores, la

microscopia de contraste de fases también permite examinar aquellas células
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vivas en su estado natural sin necesidad de someterlas a ningtn tipo de fijaciéon

o deshidratacién [27].

Otros ensayos

Hay otro tipo de ensayos in vitro disponibles pero cuya aplicacién esta
menos extendida. Tal es el caso de los ensayos de exocitosis que evalian el efecto
que tienen las NPs sobre la secrecion celular de pequefias moléculas
electroactivas como la serotonina y la epinefrina. Este ensayo se lleva a cabo
mediante amperometria con un microelectrodo de fibra de carbono [2]. Los
ensayos de hemolisis son imprescindibles para aquellas NPs cuya aplicacién
futura en la diagnosis o el tratamiento de enfermedades suponga su
introduccién directa en el torrente sanguineo. La lisis de los eritrocitos o
glébulos rojos es un claro indicador de la toxicidad celular extrema de las NPs.
La evaluacion en este caso se realiza por deteccidon espectrofotométrica de la

hemoglobina [2].

RETOS EN LA EVALUACION DE LA NANOTOXICIDAD

Los ensayos in vitro anteriormente discutidos fueron en principio
disenados y establecidos para evaluar de forma sistemdtica la toxicidad
asociada a los compuestos quimicos. Sin embargo, estos mismos protocolos se
estan utilizando a dia de hoy para evaluar la toxicidad asociada a las NPs, lo que
ha supuesto la aparicion de una serie de deficiencias en estas estrategias de
evaluacion. A continuacion, se discuten las principales limitaciones encontradas
en los métodos actuales de evaluacién toxicoldgica cuando son aplicados al

estudio de la Nanotoxicidad.
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Interferencias en los ensayos

Las NPs pueden interferir en cierta medida con algunos ensayos de
toxicidad in vitro lo que puede desembocar en la obtencion de resultados no del

todo fiables.

A modo de ejemplo, en el ensayo colorimétrico del MTT, los nanotubos de
carbono multicapa (MWCNTSs) son capaces de reducir el compuesto MTT al
producto formazan en ausencia de células vivas, proporcionando asi falsos
positivos. Ademas, estas mismas NPs también pueden adsorber en superficie el
formazan generado, estabilizando asi su estructura e impidiendo su
cuantificacion. Esto genera falsos negativos y una subestimacion en la viabilidad
celular real de las muestras [32-34]. Por otro lado, también se han descrito
interferencias de las NPs de diéxido de titanio con el ensayo de la lactato

deshidrogenasa (LDH) [35].

Otro tipo de interferencias tienen su origen en el solapamiento espectral
entre los espectros de absorcién de las NPs y el producto a cuantificar en el
ensayo. Esto indudablemente conlleva una sobreestimacion de la viabilidad

celular de las muestras (falsos positivos).

En cualquier caso, serfa recomendable llevar a cabo estudios paralelos
simultaneos con diferentes ensayos in vitro, asi como controles internos
especificos, con el propoésito de incrementar la fiabilidad de los resultados

obtenidos [2,31].

Caracterizacion de las nanoparticulas

Un aspecto a tener en cuenta en cualquier estudio sobre Nanotoxicidad es

la caracterizacion exhaustiva de las NPs implicadas. Conocer sus propiedades
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fisicoquimicas incluyendo su composicién quimica (impurezas, y composicion
del nudcleo y del recubrimiento superficial), su distribucién de tamafios y forma,
su reactividad y drea superficial, su estabilidad y estado de aglomeracidn,

resulta extremadamente util con vistas a definir sus efectos toxicos asociados.

La interacciéon de las NPs con determinados componentes del medio
biolégico asi como la presencia de sales o las fluctuaciones de pH pueden alterar
la estabilidad de los nanomateriales y consecuentemente, su estado de
aglomeracion. Teniendo en cuenta los cambios a los que las NPs estan
sometidas en los medios fisioldgicos, el escenario ideal seria realizar una
caracterizacion de las mismas ex ante, in itinere y ex post de la evaluacién de su
toxicidad, con el objetivo de establecer una relacidn inequivoca y fiable entre

NPs caracterizadas en matrices reales y su toxicidad inherente [2,31,36,37].

Estandarizacion de los protocolos de evaluacién

Para obtener resultados de toxicidad que sean comparables y que
permitan extraer conclusiones generalizadas, se deben introducir

modificaciones en los protocolos de evaluacién actuales.

Por lo general, los ensayos de citotoxicidad evaltian la toxicidad de un
Unico tipo de NP y sobre una linea celular especifica. Partiendo de la base de
que la interaccion entre las NPs y las células depende de la tipologia celular
seleccionada, resulta algo complejo extraer conclusiones generalizadas sobre
los efectos toxicos encontrados. Ademas cabe decir que no todas las lineas
celulares son adecuadas para los ensayos de citotoxicidad, tal es el caso de las
células cancerigenas, cuyas caracteristicas las hacen ser menos propensas a

mostrar determinados efectos citotéxicos [17].
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Por otro lado, la estandarizaciéon de las condiciones de incubaciéon
estudiadas, incluyendo el rango de concentraciones de NPs o los tiempos de
exposicién, ayudaria significativamente a la interpretacion global de los
resultados obtenidos de diferentes protocolos de evaluacién y de estudios

interlaboratorio [17].

A esto hay que afiadir el hecho de que existe una amplia variedad de
ensayos de citotoxicidad disponibles cada uno de los cuales determina uno o
mas parametros celulares, como la actividad mitocondrial o la integridad de la
membrana. Esta variedad, si bien permite abarcar un marco de estudio mas
amplio, también impide la comparacién directa de los resultados obtenidos a
partir de ensayos diferentes. Es por ello por lo que deberian establecerse de
forma sistematica varios parametros celulares a evaluar de partida en todos los
estudios de toxicidad que se lleven a cabo. La realizacién de multiples ensayos

en paralelo también enriqueceria la informacién obtenida [17].

Concentraciones reales de nanoparticulas que inducen toxicidad

Si bien es cierto que en la mayoria de estudios toxicolégicos los efectos
observados son dependientes de la concentracién de NPs afiadidas al medio de
incubacién, no siempre esas concentraciones se corresponden exactamente a
aquellas que inducen los efectos citotéxicos. Es decir, la toxicidad depende de la
habilidad de las NPs para ser internalizadas dentro de las células y no de la
cantidad total de NPs presentes en el medio de incubacién. Esto nos lleva a
concluir que una misma concentraciéon de NPs idénticas pero con diferente
recubrimiento superficial pueden resultar en una toxicidad distinta como
consecuencia de su diferente habilidad de penetracion celular. Con lo cual, seria
interesante correlacionar los resultados obtenidos con la concentracién de NPs

internalizadas y no con aquella afiadida al medio de incubacién [17].
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Consideracién de los efectos secundarios y a largo plazo

La citotoxicidad se evaliia generalmente por la exposicion de las células a
elevadas dosis de NPs durante cortos periodos de tiempo (citotoxicidad aguda).
Sin embargo, una asignatura pendiente en la Nanotoxicidad es evaluar los
efectos ocasionados por dosis mas pequefias de NPs durante exposiciones de
mayor duracién (citotoxicidad crénica). Esto es importante puesto que tanto la
localizacién intracelular como la estabilidad de las NPs cambian con el tiempo.
Las NPs pueden sufrir cambios estructurales o incluso ser degradadas por
enzimas, con lo cual sus efectos sobre las células podrian ser solo temporales o
en contraposicién, agravarse con el tiempo. Se precisa por tanto, la aplicacién
de métodos que evalien los efectos toxicolégicos durante periodos de tiempo
mas largos (dias e incluso semanas), y que monitoricen el estado y localizacion

de las NPs en funcion del tiempo [17].
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ABSTRACT

The concept of social responsibility provides the ideal framework
for raising awareness and arousing reflection on the social and
environmental impact of nanoparticles in the range of 1-100 nm
generated from research activities in Nanoscience and production-related
activities in nanotechnology. The model proposed here relates the
essential aspects of these concepts by connecting the classical sequence
Research-Development-Innovation (R&D&I) to nanoscience and
nanotechnology (N&N) and social responsibility (SR). This paper
identifies the stakeholders of the process and provides an extensive
definition of SR and related concepts. In addition, it describes the internal
and external connotations of the implementation of SR at research centers
and nanotechnological industries, and discusses the social implications of

nanoscience and nanotechnology with provision for subjects such as
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nanoethics, nanotoxicity and nanomedicine, which have emerged from the

widespread use of nanomaterials by today’s society.
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1. INTRODUCTION

Nanotechnology has been deemed as a key emerging technology for
fulfilling the “Grand Challenges of our Time” in areas such as health care, energy
production, environmental protection (climate change and remediation) and

potable water procurement (Lund Declaration 2009).

Like other highly promising technologies such as nuclear engineering and
biotechnology, nanotechnology possesses two contradictory connotations,
namely: the production of new materials with outstanding mechanical, optical,
electric and magnetic properties for a wide variety of uses, which is highly
positive; and its uncertain effects on human health and the environment, which
is highly negative. Nanotechnology and its impacts have frequently been
questioned in manners that have exposed the inability of national and
international “regulatory” agencies to adapt themselves to the dramatic changes
experienced in recent times. In fact, nanotechnology growth and impact (Groves
et al. 2011) have been used as guidelines for allocating future responsibilities,
managing risks and dealing with the growing significance of the mutual
influence of technology and society. The ultimate aim here is to harmonize
present and future opportunities in nanotechnology with its constraints in an

integral management scheme.

Available literature on the general impacts of nanotechnology reflects two
major deficiencies. One is that the risks and ethical implications of
nanotechnology (Hunt and Mehta 2006) in the production and industrial
domains have rarely been approached in a systematic manner at the first stage
of basic research in this field, which is usually identified with “Nanoscience”,
despite the recent dramatic growth of literature on the potential toxicity of
nanoparticles (see Fig. 1). The other deficiency is that, although the potential

hazards of nanotechnological products have been the subject of much literature
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lately, their toxicity remains uncertain owing to the lack of scientific consensus
in many cases. Also, properly dealing with this uncertainty in house remains an

unresolved matter for many nanotechnological enterprises (Groves et al. 2011).
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Figure 1. Number of papers on nanoparticles toxicity published in recent five-year periods
and since 2010 (Source: SciFinder).

Responsibility, which is the ethical obligation to behave correctly
(McCarty and Kelty 2010), and social responsibility (SR) in particular (see “The
concept of social responsibility” section of this paper), provide the ideal
framework for a systematic approach to these subjects and is thus used here to
define SR in nanoscience and nanotechnology in a separate, but coherent
manner, and also to distinguish corporate social responsibility (CSR), with its
internal and external connotations (Fig. 5), from corporate social performance
(CSP). Assimilating a R&D center to a corporation facilitates a unified treatment

of the previous four concepts, which are obviously related to one another.

The developments and implications of SR in nanoscience and
nanotechnology can be referred to previous advances, achievements, and
failures in SR of Biotechnology (David and Thompson 2008), Genomics (Fisher
2005; Cassa et al. 2012), Proteomics (Liska 2004), Metabolomics (Manasco
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2005), and Nuclear Engineering (Mizuo 2008). Also, SR is more apparent and
important in some emerging sciences and technologies than in other more
conventional technologies. Innovations in these sciences and technologies share
many ethical, social, and environmental connotations. The scope and magnitude
of the implications of emerging technologies require careful examination in not
only scientific and technical, but also social, political, and ethical terms

(Mcgregor and Wetmore 2009).

This paper proposes a SR framework that provides guidance for
conducting socially responsible research (SR in nanoscience) with provision for
the ethical and social implications of the transfer of nanomaterials from
research centers to nanotechnological industries and, ultimately, to society and
the environment (SR in nanotechnology). The proposed model integrates the SR
concept into the well-known Research-Development-Innovation (R&D&I)
sequence, whose stakeholders are identified and classified as internal, external,
or mixed. The concept of SR is extensively dealt with, particularly in relation to
its early implementation, existing regulation and stages. SR in nanoscience and
nanotechnology are discussed separately, with special emphasis on its internal
and external connotations— and their implications. Finally, selected issues in
nanoethics, nanotoxicity, and nanomedicine are briefly commented on to

illustrate the increasing usefulness of nanomaterials for today’s society.

2. GENERAL MODEL

Properly dealing with the subject matter of this paper entails previously
developing a general model for the classical sequence Research-Development-
Innovation (R&D&I). The proposed model is depicted in Fig. 2. As can be seen,
nanoscience falls basically in the research domain and nanotechnology in the
innovation domain. The development stage typically provides the interface for

their harmonization and is the competence of and/or meeting point for both
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research centers and technological industries, which are shown separately in
the scheme. In addition, the development stage sets the above-described
difference between CSR and CSP. Although the CSR concept is applicable to a
nanotechnological research center, it may be more appropriate to exclude the
corporate connotation and refer exclusively to SR of nanoscience if the center in
question is mainly engaged in the development of basic nanoscience. In any
case, the concepts illustrated in Fig. 2 have so far been approached in disparate
manners. Thus, nanoscience has scarcely been addressed and rarely
distinguished from nanotechnology. This paper is intended to alleviate the

problems derived from the lack of an unified approach to this subject.
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Figure 2. Social Responsibility in nanoscience and nanotechnology in the twofold domain
of R&D&I and corporate social performance (CSP) in nanoscience research centers and
nanotechnological enterprises.

3. THE STAKEHOLDERS

The word “stakeholders” has been extensively used in the ISO guides and

standards issued in recent decades to designate the individuals or groups that
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can not only be favorably or adversely affected by the activities of an
organization or area, but also influence on their decisions. The dual (active and
passive) nature of stakeholders here is crucial with a view to their integral

definition and highlights their prominent role in SR.

Figure 3 shows the stakeholders of SR in N&N, and hence in nanoscience
research centers and nanotechnological industries. The ultimate external
stakeholders are society and the environment (specifically, people with
unfulfilled basic needs who receive and enjoy nanotechnological innovations,
others who are unintentionally exposed to nanomaterials, nanoscience research
funding providers, and organizations such as NGOs concerned with

environmental quality, climate change, or social welfare).
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Figure 3. Types of stakeholders in N&N, and two-way relationships between them.

The stakeholders of nanotechnological industries are of mixed type since

they possess the typical external connotations of corporations in relation to
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society and the environment—both of which are ultimately affected by
nanomaterials—, and also internal connotations as recipients of the “products”
delivered by research centers. In addition, these stakeholders can be the
recipients of social and environmental inputs or demands, and pose scientific

and technical problems to be solved by research centers.

Finally, scientific and technical officials, and other staff of research
centers, constitute typically internal stakeholders inasmuch as they deliver
products and services required by industries or resulting from unguided basic

research activities.

4. THE CONCEPT OF SOCIAL RESPONSIBILITY

Social Responsibility can be defined in simple terms as the combination of
several key words including “responsibility”, “stakeholders”, “quality of life”
(social welfare), and “sustainability”. More than 50 definitions of SR, each
placing special emphasis on an individual aspect, have already been provided.
One of the two most consequential definitions states that “The SR of human
activities and organizations involves fully integrating into their activities social
and environmental concerns leading to the development of good practices and
the establishment of new internal and external relations among the
stakeholders” (de la Cuesta 2005). The other, set in ISO 26000:2010 (ISO
26000:2010), defines SR as “The responsibility of an organization for the
impacts of its decisions and activities on society and the environment through
transparent and ethical behavior that contributes to sustainable development,
including health and the welfare of society; takes into account the expectations
of stakeholders; is in compliance with applicable law and consistent with
international norms of behavior; and is integrated throughout the organization

and practiced in its relationships.”
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In summary, properly approaching SR in an organization or activity
entails adopting a well-defined social and environmental commitment to bring
about a major change in its internal management (CSP) and alliances facilitating
the incorporation of social and environmental concerns. Becoming a socially
responsible, sustainable organization, therefore, requires expanding the
traditional body of stakeholders. Because social needs and expectations from
nanotechnology have changed with time, so have the definitions of SR; this has
led to a lack of general agreement on a standard definition for CSR in the

industrial world (Kuzma and Kuzhabekova 2011).

The SR concept was born in the corporate domain; hence its initial
designation “Corporate Social Responsibility” (CSR) (de la Cuesta 2005; Olcese
2007; AENOR 2008). In recent years, the concept has expanded to other areas of
individual and collective human behavior. Thus, it is common to find explicit
references to SR in Science & Technology (Larsen et al. 2011), among other
general areas, and also in specific branches such as Chemistry (IUPAC 2006) or

Analytical Chemistry (Valcarcel and Lucena 2012a, b).

The prior development and consolidation of SR in the corporate domain
have led to the release of several widely acknowledged and accepted

documents especially prominent among which are the following four:

1. The UN Global Compact, which includes 10 basic principles of SR
(United Nations Global Compact 1999).

2. The OECD guidelines for SR (Organization for Economic Cooperation

and Development Guidelines for Social Responsibility 2001).

3. The ILO principles for SR (International Labour Organization principle

for Social Responsibility 2006).
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4. ISO (International Organization for Standardization) 26000:2010 on

SR, which contains the principles and guidelines for implementing SR in a

human organization or activity, as well as the requirements to be fulfilled

by its stakeholders (ISO 26000:2010).

ISO 26000:2010 formulates the seven basic principles of SR depicted in

Fig. 4. Three (accountability, transparency, and ethical behavior) are general in

nature and the other four represent the consideration of and respect for

references such as human rights, international norms of behavior and

applicable law, as well as stakeholders’ expectations—fulfillment of which is the

ultimate target of SR and to which all other principles are thus subordinate.
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Figure 4. Principles of SR as per 1SO 26000:2010 and significance of meeting stakeholders’
expectations (1SO 26000:2010).

The degree of commitment in the implementation of SR can be modeled as

a multiple pendulum oscillating between the extremes “causing no harm”

(minimum) and “definitively improving” (maximum) in eight respects, namely:
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1. The natural environment: from minimizing contamination to address

sustainable innovation.

2. Products: from serving the client to develop “ethical” products.

3. Staff: from creating jobs and ensuring protection against labour risks to

invest in continuing education, professional development, and diversity.

4. The social environment: from avoiding adverse impacts to contribute to

social welfare.

5. Governments: from simply abiding by laws and regulations to go further

in their fulfillment.

6. Shareholders: from maximizing short-term benefits to maximize long-

term values.

7. Clients: from meeting the expectations of primary (direct) clients to

also meet those of secondary (indirect) clients.

8. Society: from being a socially accepted member to become a socially

respected member.

An organization’s bid to assume the principles and practices of CSR

should start by internally incorporating CSP, which comprises internal policies,

good practices, behavioral codes, regular reporting (Groves et al. 2011), and

their associated resources (funding, staff, infrastructure and time) (McWilliams

and Siegel 2000). As can be seen in Fig. 5, SR provides the general framework

for placement of CSR and CSP. The figure exposes the main differences between

CSR and CSP, which can be summarized as follows:
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1) CSR has external connotations, whereas CSP has internal connotations;
2) CSR contains CSP; and
3) CSP can be viewed as the internal platform for developing an efficient,

credible and reliable approach to CSR.

External impact <@ Internal impact

Ethical
-—— |social | «——
legal

Figure 5. Differences between social responsibility (SR) domains: corporate social
responsibility (CSR) and corporate social performance (CSP).

Despite their disagreement in other key subjects, experts in social and
ethical issues almost unanimously agree that SR is very important and requires
extensive implementation in emerging technologies (e.g., nanotechnology) in
relation to conventional technologies. On the Clarkson scale (Clarkson 1995) of
Fig. 6, nanotechnology requires a proactive rather than accommodating,
defensive or reactive approach to CSR; one that lies at the positive extreme of

the eight above-described respects.

Table 1 compares the “reactive” and “proactive” extremes of commitment
to SR. As noted earlier, properly identifying and describing the different
elements of SR in this context entails distinguishing between N&N, research
centers, and nanotechnological industries, and also between their respective

stakeholders (see Fig. 3).
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Figure 6. Clarkson scale of commitment to the implementation of social responsibility and
position of RS in emerging technologies such as nanotechnology (Clarkson 1995).

Table 1. Differences between the reactive and proactive approaches to social
responsibility (den Hond et al. 2007).

Reactive approach Proactive approach

Comply with the minimum legislation Expand the legislation to comply with
Maintain current reputation Improve existing reputation

Maintain current staff Recruit the best available employees
Maintain current morale and spirits Improve current morale

Maintain current efficiency and benefits  Increase both

Maintain brand or style Gradually improve them with added values
Adopt the “good business” notion Adopt the “good business” notion

The acquisition of CSR by an enterprise requires adopting the CSP
concept in its internal management, which involves the following five stages

(Zadek 2004):
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1. Defensive stage, where the enterprise meets with criticism from
stakeholders—in the broad sense defined by ISO standards—and

responds by mobilizing its legal department to dismiss all claims.

2. Compliant stage, where the enterprise adopts a corporate policy visible

to all in order to maintain its reputation and reduce litigation expenses.

3. Managerial stage, where the enterprise includes social problems in its
management policy in order to alleviate expenses in the mid term, and
make profits in the long term, by incorporating responsible business

practices into its daily practice.

4. Strategic stage, where the enterprise learns how to redirect its strategy
to responsible business practices adapted to actual social problems and

leading to increased competitiveness and success in the long term.

5. Civil stage, where the enterprise adopts a proactive attitude aimed at

addressing social worries.

5. SOCIAL RESPONSIBILITY IN NANOSCIENCE

The general approach to SR in Science and Technology (Valcarcel and

Lucena 2012) allows SR in nanoscience to be defined in two complementary

ways,
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1. As the reflection on, and awareness of, the impact of the activities and
outcomes of nanotechnological research on quality of life and the
environment via their development and transfer by technological

industries receiving, adapting, and marketing them.
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2. As the honest, ethical behavior of researchers and officials at

nanoscience research centers.

Social responsibility in nanoscience thus has a markedly indirect nature
in its approach to society and the environment inasmuch as its influence is
exerted via nanotechnological industries—where R&D&I departments are the
most fluent in external communication. However, SR in nanoscience also has
indirect connotations such as the protection and well-being of research

laboratory staff (technicians included).

As shown below, SR has both internal and external connotations in

relation to research centers conducting nanoscience activities.

5.1. Internal connotations

The internal connotations of SR in nanoscience involve its active
stakeholders, namely: scientists, R&D agencies, and national and transnational
governments. These connotations should materialize in the establishment of
CSP in internal management (see Fig. 5) via a wide variety of action lines some

of which are discussed below.

Research centers concerned with the development of nanoscience should
be permeable and sensitive to citizens’ needs in order to meet the “Grand
Challenges of our Time” (Lund Declaration 2009). This entails switching from
prioritizing the publication of papers in journals with a high impact factor to
aiming at solving present and anticipated problems in providing
nanotechnological industries with promising products or systems. Stakeholders
should unanimously identify “grand challenges” and adopt appropriate
research lines by fluent communication via the two-way connections of Fig. 3—

these internal connotations are represented by the arrows pointing from right
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to left in the figure. One key element of SR in nanoscience is an appropriate
selection of R&D projects and programs to ensure the optimal use of available
resources. This entails avoiding repetitive, “sure-fire” research with little added
value, a mistake that is especially common among stakeholders concerned with
emerging technologies, many of whom tend to believe that some vogue words
and prefixes (e.g., “nano”) are the key to publish in many journals. History tells
us that this is often the case when a new leading-edge technology is in its

infancy.

Integral (ex ante, in itinere, and ex post) scientific and technical assessment
is an essential element of CSP inasmuch as it is consistent with the
accountability principle in ISO 26000:2010. In addition, experts in SR of Science
(Larsen et al. 2011) advocate a final systematic professional assessment of the
results of basic nanotechnological research with a view to facilitating the

transfer of knowledge and technology in this area.

One strategic line for SR in nanoscience is the systematic assessment of the
potentially toxic effects of nanomaterials by subjecting all new products to
appropriate in vivo and in vitro tests as an essential element of their
characterization—which currently relies virtually exclusively on their physical
and chemical properties. The high complexity of nanoparticles and their
properties require careful studies in order to anticipate potentially deleterious
effects upon contact with the environment. Reliable information from
regulatory agencies and scientific bodies can help people form their own,
grounded opinion and reject the emerging alarmist literature on nanomaterials.
Risk assessment in this field is confronted with two problems. One is the lack of
adequate funding for health, safety, and environmental impact studies on
nanotechnologies and the other is that of specific legislation on nanomaterials.
Both deficiencies result in humans and the environment being exposed to
nanomaterials with uncertain associated risks (Klaine et al. 2012). In vitro
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assays are more expeditious, economical, and easily controlled than in vivo
tests; also, the former are subject to lighter ethical constraints since they
typically use no laboratory animals (Marquis et al. 2009). However, in vitro
laboratory tests using cell cultures cannot exactly mimic environmental
conditions; also, in vivo tests frequently involve nanoparticle concentrations
and exposure times greatly exceeding those typically found in the environment.
As a result, the latter are unable to detect nanoparticles at low concentrations
and are only useful for assessing large-dose effects. One other major deficiency
is that tests rarely monitor the pathways followed by nanoparticles after
reaching the environment. This precludes distinguishing between their direct
and indirect effects, and hence finding effective solutions to some

environmental problems (Klaine et al. 2012).

At this point, one must concede that SR has not walked hand in hand with
nanoscience since its birth, which is unjustifiable based on past experience with
other emerging technologies (David and Thompson 2008; Fisher 2005; Cassa et
al. 2012; Liska 2004; Manasco 2005; Mizuo 2008). However, market demands
and the need for substantial investments to fulfill them have once again in the
history of Science and Technology delayed the adoption of proactive SR, which

should have started as early as the earliest research in nanoscience.

Corporate social responsibility in nanotechnological research centers
should also include appropriate management of labor and environmental
resources and risks as an essential ingredient of the protection of two prominent

stakeholders: researchers and supporting staff.

One transversal aspect of the previous internal connotations of SR in
nanoscience is fostering education in the subject from the earliest school levels.
This is fully consistent with the internal connotations of nanotechnology

discussed below. There are some especially useful dissemination textbooks on
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Science in general (FECYT 2008) and nanotechnology in particular (FECYT
2009) to fulfill this objective, which is a key target according to experts (Larsen
et al. 2011). Training activities are also viewed as especially effective tools for
selecting scientists to be trained with a view to swelling the ranks of
nanoscience research centers in the future. STEM programs, which are intended
to attract an increasing number of students to the research field and change
their views on nanotechnology, can be useful for this purpose. These programs
(e.g., the Nanotechnology Programs at the University of Illinois or the West
Virginia University’s WV Nano, http://www.stemedcoalition.org/) typically
include seminars, summer research opportunities for students and bridge

programs for incoming graduate students.

5.2. External connotations

The external connotations of SR in nanoscience are largely of the passive
type. Also, they supplement its internal connotations and pertain to the typical
stakeholders of nanotechnological industries and, ultimately, to those
concerned with society and the environment. These connotations are

represented by the arrows joining the stakeholders in Fig. 3 from right to left.

First, external and mixed stakeholders should accurately identify social
and environmental needs, and prioritize their fulfillment if needed. This
requires establishing effective pathways for communication between all
stakeholders and filtering it appropriately to ensure quality, consistence, and
representativeness in the specific problems (challenges) addressed while
discarding groundless, opportunisticc and demagogical attitudes. Direct
communication and interaction between researchers and other experts in the
social and ethical fields can dramatically help stakeholders approach and

understand one another.
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Second, promoting receptivity to scientific dissemination in nanoscience
can help bridge the traditional gap between science and society. Ensuring
truthful, easy, ethical, contextualized, efficient dissemination is a current
bottleneck for SR in nanoscience. In addition to the indispensable accountability
of public investments, citizens should be made fully aware not only of the
potential of nanomaterials for improving their quality of life, but also of their
potential hazards to humans and the environment. False expectations,

groundless extrapolations, and unjustified alarms should be avoided at all costs.

Accordingly, one of the crucial missions of SR in nanoscience is to gain
and increase citizens’ trust in nanoscience, which can be accomplished by
demonstrating that the applicable resource investments are efficiently used and

the ensuing research outcomes are properly disseminated.

6. SOCIAL RESPONSIBILITY IN NANOTECHNOLOGY

In order to develop an effective CSR strategy, a nanotechnological
enterprise must accurately define its own SR and the meaning of acting in a

socially responsible manner.

Nanotechnological enterprises can adopt CSR for a variety of reasons
including improving their social image, cutting expenses, or simply making the
right choice of action. These reasons are of the internal or external type.
Internal reasons are related to internal processes and stakeholders (staff and
executives) and lead to the adoption of CSP, whereas external reasons are
associated to external stakeholders and lead to the adoption of CSR in a more
general context. The latter include the needs to comply with increasingly

stringent legislation, compete with other enterprises, and fulfill clients’ needs.
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Improving their CSR can help enterprises to “soften” environmental and
health protection legislation, and also to increase the trust of their clients and
investors—who are increasingly concerned with the potential risks of
nanotechnology—thereby boosting consumption of nanoproducts and raising

corporate benefits.

A large fraction of CSR expenditure goes to documentation,
administration, coverage, communication, training, and auditing. These
expenses facilitate the use of improved techniques to assess the effects of new
products on health; improvements in the systems required to integrate results
and disseminate them in a transparent manner—with provision for intellectual
property rights—; and the development of stakeholder training programs

(Kuzma and Kuzhabekova 2011).

People at nanotechnological production enterprises (executives,
employees, and shareholders) are mixed stakeholders as per the scheme of Fig.
3. Thus, they are external holders in relation to nanoscience (provided research
in this area is not conducted in house) inasmuch as they receive research
products, but internal stakeholders regarding society and the environment

because they are the recipients of nanotechnological products.

The literature on SR in nanotechnology (Groves et al. 2011; Hunt and
Mehta 2006; McCarty and Kelty 2010; David and Thompson 2008; Fisher 2005)
is highly abundant relative to SR in nanoscience. In many cases, the distinction
between both is artificial but necessary to avoid confusion. One should bear in
mind that research centers and nanotechnological industries differ in their

mission, vision, and strategic goals—and hence in their approach to SR.

The stakeholders of nanotechnological industries and enterprises are of

mixed type and play a twofold (active and passive) role that should be in perfect
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harmony rather than the isolated responsibility of tightly closed compartments;
this requires efficient management of CSP in the industry or enterprise

concerned.

Social responsibility in nanotechnology can also be assigned various
internal and external connotations arising from the specificities of enterprises

delivering nanotechnological products or services.

6.1. Internal connotations

Social responsibility in nanotechnological enterprises involves the active
aspect of the activities of their whole staff and should materialize in the
establishment of a CSP system for internal management with provision for the

mixed stakeholder nature of such staff (see Fig. 3).

Social responsibility in nanotechnology should focus on establishing
effective production lines to fulfill the “Grand Challenges of our Time”
formulated in the Lund declaration (2009) by appropriate selection among the
many available choices—some of which may be highly tempting on account of
their easy implementation and economic benefits but should be given a lower
priority if they are scarcely effective toward achieving the previous goal. This
requires systematically assessing the results of internal and external research
centers from a professional and technical rather than scientific perspective
through permanent and fluent communication with other stakeholders. Some
authors (Ebbesen 2008; Roco 2003) eagerly recommend the involvement of
experts in the humanities and social sciences in the strategic decisions of
nanotechnological enterprises in order to give some voice to external
stakeholders. In fact, fruitful relations and communication of researchers in
N&N with experts in ethics can have a significantly favorable social impact.

Training researchers to discuss their work with other “experts” or even society
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at large can help them realize the ethical and social implications of their actions

(Mcgregor and Wetmore 2009).

Nanotechnological production should also be subjected to integral
assessment with the aid of external agents. Ex ante assessment should focus on
research outcomes on the one hand, and social and environmental demands on
the other. In itinere assessment can be useful to certify that the health and
safety conditions for the personnel involved in nanotechnological production
processes are appropriate and whether optimal resources are being used to this
end. Occupational safety and health can be assessed via an in-house survey of
potential hazards and staff exposure which can be useful toward improving the
working conditions. Finally, ex post assessment should focus on the degree of
market acceptance of the nanotechnological products delivered and their
potentially adverse effects. This requires transparent and fluent communication
with the public to disseminate commercially available nanoproducts and the
outcomes of their safety testing. Safety tests should be conducted by
independent experts and made available for external assessment in order to

increase credit of the originating enterprise (Kuzma and Kuzhabekova 2011).

As stated by Lee and Jose (2008), implementing CSR in nanotechnological
industries involves facing unusual stress as a consequence of the conflict
between self-interest in exploiting new technologies or developing innovative
commercial products and self-restraint imposed by ethical rules such as
maximizing the recipients’ health and safety. This requires setting up an

efficient CSP-based management system.

Also prominent among the strategic needs for CSP in nanotechnological
industries is staff (engineer) qualification, not only of the scientific and

technological types, but also in SR principles and practice (Zandvoort 2008).
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6.2. External connotations

These are the SR aspects of an essentially passive nature in
nanotechnological enterprises. In fact, they are not only active with respect to
external stakeholders (society and the environment), which should not be mere
recipients of nanotechnological innovations, but also convey their own needs
and ambitions to enterprises and, ultimately, nanotechnological research
centers. These actions are represented by the arrows pointing from right to left

in Fig. 3.

External stakeholders should accurately communicate social and
environmental needs—under a priority scheme, if needed. The Lund
declaration (2009) can be used as a guideline here. It is essential to establish
efficlent communication pathways between all external and mixed
stakeholders, and to filter it appropriately in order to both ensure quality,
consistence, and representativeness in the problems (challenges) addressed
and rule out groundless, opportunistic, or demagogical attitudes. These

principles are shared by SR in Nanoscience.

Like SR in Nanoscience, SR in Nanotechnology requires an objective,
truthful and reliable dissemination of the advantages and disadvantages of
commercially available nanotechnological products. Dissemination here should
include a clear explanation of the results of nanotoxicity studies. One of the
most effective methods for this purpose is to encourage the participation of
users or clients of nanotechnological innovations in the in-house management

of CSP, which can no doubt have a favorable impact on CSR.
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7. SOCIAL IMPLICATIONS OF NANOSCIENCE AND NANOTECHNOLOGY

Nanoethics, which is the term used to designate ethics in the development
of nanosized objects, comprises three different fields of study the former two of

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

Ecotoxicity is concerned with the potential environmental damage of
nanomaterials, whereas Nanotoxicity focuses on the effects of nanoparticles on
health; however, both concepts are related to the risks of coming into contact
with nanotechnological products. According to its advocates, Nanotechnology is
useful toward facilitating efficient consumption of energy, having a cleaner
environment and eradicating some health problems. However, its opponents
criticize the lack of available knowledge about the actual impact of
nanomaterials on the environment, the added stress they introduce, and their
interactions with other natural components. Deeper investigations are,
therefore, needed to balance the risks and benefits of using nanomaterials, and
so is permanent, transparent communication in order to incorporate society’s
views into the decision-making process for the development of each new
nanoproduct. Voluntarily adopting environmental risk assessment norms,
taking part in national and transnational information exchange programs, and
obtaining research-independent funding can help raise stakeholders’ trust in
the Nanoscience-Nanotechnology couple (Kuzma and Kuzhabekova 2011;
Klaine et al. 2012). Assessing the risks of nanomaterials is especially important
in the emerging field of Nanomedicine, where they are used to prevent,
diagnose, and treat specific diseases by virtue, for example, of them possessing
a high potential for improving the efficiency of existing technologies for tumor
diagnosis and treatment (Mahmood et al. 2012; Nunes et al. 2012). In most
cases, data protection interests prevail over information transparency (Kuzma
and Kuzhabekova 2011), which is one of the principles of SR in ISO 26000:2010
(ISO 26000:2010) (see “The concept of social responsibility” section). Changes
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in this respect are thus required to allow stakeholders (particularly nanodrug
users) to acquire a clear, accurate knowledge about the risks and benefits of the
new materials with a view to making grounded, informed decisions. These
changes should start with the development of effective strategies to fund
research into the potential hazards of the new materials on human health and
facilitate open communication of the outcomes (Kuzma and Kuzhabekova

2011).

The violation of privacy field is associated with the production of
nanosensors. The development of new communication technologies such as
sensors or microphones in the twentieth century resulted in an increasing
invasion of privacy and violation of personality rights. Although no causal
relationship between the development of modern communication technologies
and the threat on privacy and personal rights exists, these technologies provide
ample opportunity for invading privacy (Ganascia 2011). To some, the privacy
violation risks of nanotechnology are exactly the same as those previously
posed by classical communication technologies; to others, the risk is even

greater since nanotechnology has the power to produce invisible nanosensors.

The effects of nanotechnology on society can be viewed from a broader
perspective. The contribution of new materials with improved properties to the
advancement of other fields may increase their operational efficiency. Thus,
creating more efficient energy sources may raise social demands and increase
industrial and agricultural production, ultimately leading to the establishment

of new, more competitive industries.

One key need here is for citizens to prioritize their needs and convey
them in order to allow N&N to improve their lives with advances in foodstuff,
renewable energy sources, new materials, healthcare products, or even

environmental remediation (Roco and Baingridge 2005).
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8. CONCLUSIONS

This paper deals for the first time with the concept of SR as applied to
nanoscience in research centers and proposes an integral approach to SR in
nanoscience and nanotechnology based on their mutual connections. The
primary aim was to demonstrate that the principles and practices of SR fit
perfectly well in nanoscience and nanotechnology, where CSP provides the
most immediate, ideal platform for implementing CSR. The paper additionally
helps identify the stakeholders of nanoscience centers and nanotechnology

industries, which are depicted in Fig. 3.

The high impact and/or importance of emerging technologies such as
biotechnology, information and communication technologies, and
nanotechnology make the SR approach an undeniably useful tool for solving the
“Grand Challenges of our Time” as stated in the Lund Declaration (2009). As
noted earlier, the primary purpose of this paper was to establish a general
framework for SR in an emerging scientific area (nanoscience) and an emerging
technological area (nanotechnology). Both can be placed at the proactive level

on the Clarkson commitment scale of Fig. 6 (Clarkson 1995).

Figure 7 summarizes the main internal and external connotations of SR in
N&N. Note the coincidences in some subjects—with differences such as the
mixed nature of nanotechnological industries as stakeholders—and the fact that
the external nature of society and the environment as stakeholders is shared by

the science and technology behind nanomaterials.
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Figure 7. Internal and external connotations of social responsibility in N&N.

Finally, efficient implementation of SR in N&N will require dealing with
previously established SR subjects contained in internationally circulated
documents, albeit with provision for the specifications of the new science and
technology. It is especially important in this respect to develop a series of
interrelated indicators to assess the implementation and progress of SR with a
view to demonstrate that nanotechnological research and production activities

are conducted responsibly and sustainably.
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I1.1. Herramientas para los estudios de aplicaciones analiticas

El desarrollo experimental de la investigacién presentada en esta
Memoria ha sido posible gracias al empleo de diferentes herramientas
analiticas. A lo largo de este Bloque II se detallaran las herramientas empleadas
tanto para los estudios de aplicabilidad analitica de las NPs (seccién II.1) como
para los estudios de toxicidad (seccién 11.2). En este sentido se hara referencia a
los analitos, reactivos y muestras analizadas, asf como a las NPs implicadas en
los estudios. Asimismo se hara alusién a los métodos de tratamiento de muestra
desarrollados o en su caso, ensayos de citotoxicidad realizados. Por dltimo se

comentaran los instrumentos, aparatos y otros materiales empleados.

II.1. Herramientas para los estudios de aplicaciones analiticas

ANALITOS, REACTIVOS Y MUESTRAS

Todos los analitos y reactivos empleados en este apartado fueron de
pureza analitica o superior, y fueron adquiridos en su mayoria de la casa

comercial Sigma-Aldrich.

Analitos

» Hidrocarburos aromadticos policiclicos (PAHs): fluorantreno.

Los PAHs son compuestos quimicos que se generan de forma natural por
la combustién incompleta de la materia organica, aunque también pueden tener
un origen antropogénico. Su toxicidad junto con su ubicuidad y persistencia en
el medio ambiente, los convierten en compuestos muy investigados en el medio

ambiente.
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» Herbicidas: atrazina (2-cloro-4-etilamino-6-isopropilo-1,3,5-triazina).

Atrazina es un herbicida perteneciente a la familia de las triazinas cuyo
uso agricola estd muy extendido con el fin de controlar el crecimiento de las
malas hierbas. Este herbicida se comporta como un disruptor endocrino, y
como consecuencia de su aplicacién directa al suelo y su posterior arrastre o
lixiviacién, puede contaminar tanto suelos como aguas superficiales y

subterraneas.

» Contaminantes emergentes: almizcle de cetona (3,5-dinitro-2,6-dimetil-4-

terbutil-acetofenona) y dcido salicilico (dcido 2-hidroxibenzoico).

El almizcle de cetona pertenece a la familia de los nitroalmizcles
(nitromusks), que son compuestos sintéticos que se usan como sustitutos de las
fragancias naturales en numerosos productos de consumo. El 4cido salicilico es
un metabolito del acido acetilsalicilico perteneciente a la familia de los
antiinflamatorios no esteroideos. Ambos compuestos son considerados
contaminantes emergentes puesto que no se encuentran actualmente regulados
por ninguna normativa y sus efectos sobre el medio ambiente y los seres vivos

aun no estan totalmente esclarecidos.

Disoluciones patrén de los analitos fueron preparadas en disolventes
organicos y se almacenaron hasta su uso a 4 °C y en oscuridad. El periodo de
almacenaje fue acorde a la estabilidad de los analitos en el disolvente
seleccionado, descartando de esta forma cualquier tipo de degradaciéon que

pudiesen haber sufrido estos compuestos.

La Figura I1.1.1 muestra las estructuras quimicas de los analitos

estudiados.
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Figura II.1.1. Estructura quimica de los analitos seleccionados.

Reactivos

= Acidos y bases. Se utilizaron 4cido clorhidrico e hidréxido de sodio para
el ajuste del pH de las muestras y los tampones electroforéticos en aquellos
casos que lo precisaron. Asimismo, estos reactivos también se emplearon para
preparar las disoluciones de acondicionamiento inicial de los capilares de CE.
Los acidos clorhidrico, nitrico y sulftrico fueron utilizados para la oxidacién de

las NPs.

= Disolventes orgdnicos. Metanol, acetonitrilo, acetona, etanol, y
etilacetato se emplearon con diversos fines: i) para la preparacion de
disoluciones patrén de los analitos; ii) como eluyentes en los procesos de
extraccidn; iii) para el acondicionamiento y limpieza de los sistemas de
microextraccion en fase sélida; iv) para la preparacion de la interfase de CNPs
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en la extraccién liquido-liquido; v) para la purificaciéon de los nanodiamantes;
vi) como modificadores organicos de los tampones electroforéticos; y vii) como

medio de inyeccién en CE.

= Reactivos para la sintesis de nanoparticulas hibridas (nanodiamantes—
nanotubos de carbono). 3-aminopropiltrimetoxisilano, tampén acido
acético/acetato, hidrocloruro de N-(3-dimetilaminopropil)-N'-etilcarbodiimida

y N-hidroxisuccinimida.

= Reactivos para la sintesis de nanoparticulas de plata. Hidréxido de sodio,

hidrocloruro de hidroxilamina y nitrato de plata.

= Sales. Cloruro de sodio se empleé para alterar las condiciones

experimentales iniciales en la técnica de extraccion punto de nube.

= Surfactantes. Dodecil sulfato de sodio fue utilizado como tensioactivo en
la extraccién punto de nube, y como fase pseudoestacionaria en el tampdn

electroforético.

= Disoluciones tamponadas electroforéticas. Tetraborato de sodio

decahidratado e hidrogeno fosfato disédico.

Muestras

Los procedimientos analiticos desarrollados en el transcurso de la Tesis
Doctoral se aplicaron, en dltimo término, a la determinacién de los analitos que

aparecen en la anterior Figura .1.1, en las siguientes matrices ambientales:

= Agua de rio. Los trabajos cientificos recogidos en el Bloque III de esta

Memoria, presentan métodos analiticos que fueron aplicados a la determinacion
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de contaminantes en aguas del rio Guadalquivir o alguno de sus afluentes
(Cordoba, Espafia). Las muestras fueron recogidas y almacenadas, en frascos de
vidrio color ambar sin espacio de cabeza a 4 °C y en oscuridad, hasta su analisis.
En algunos casos, las muestras fueron filtradas con filtros de nylon (0.45 pm de
tamafio de poro) antes del tratamiento de muestra. Puesto que en ningun caso
se hallaron los analitos de interés en las muestras recogidas, éstas fueron

necesariamente fortificadas antes del analisis.

= Suelo. El procedimiento planteado en el trabajo de investigacion que
aparece en el apartado I11.2 fue también aplicado a muestras de suelo agricola

proporcionadas por la Universidad Auténoma de Barcelona.

NANOPARTICULAS

Nanoparticulas de carbono

= Nanodiamantes (NDs). Estas NPs fueron adquiridas de la casa comercial
NaBond Technologies (China) y se sintetizaron mediante procesos de
detonacion. Se emplearon dos tipos diferentes de NDs. Por un lado, aquellos con
un didmetro de 3.2 nm y una pureza superior al 98%. Y por otro lado, NDs con
caracter oleofilico, un tamafio medio de particula entre 4 y 15 nm, y una pureza

entre 55-75%.

= Nanotubos de carbono de pared miiltiple (MWCNTs). Tres tipos
diferentes de MWCNTSs fueron empleados en la fase experimental. Aquellos
proporcionados por la casa comercial MER Corporation (Tucson, Arizona,
EEUU) con un didmetro medio de 140 nm. Otros obtenidos de la casa comercial
Nanocyl (Bélgica) con un didmetro de 9.5 nm y una longitud de 1.5 pum. Y por
ultimo, MWCNTs de la casa comercial Bayer (Alemania) con diametros

comprendidos entre 5-20 nm y longitudes entre 1-10 um.
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= Nanotubos de carbono de pared simple (SWCNTs). Estas NPs fueron
suministradas por la casa comercial Shenchen Nanotech Port Co., (Nanoport-
NTP, China) y presentan diametros inferiores a 2 nm y longitudes entre 5-15

um.

SINTESIS DE NANOPARTICULAS

Nanoparticulas de plata

Las NPs de plata (AgNPs) que se utilizaron para incrementar la
sensibilidad de la técnica de deteccion por Espectroscopia Raman amplificada
por superficie (SERS), fueron sintetizadas siguiendo el procedimiento

experimental que se esquematiza en la Figura I1.1.2.

5mL de hidrocloruro de hidroxilamina
(8.5x10% M)
+
0.04 mLde NaOH (2 M)
+
45mL de AgNO, (1.1 x 102 M)

Figura I1.1.2. Procedimiento de sintesis de coloides de plata [1].

[1]N. Leopold, B. Lendl, J. Phys. Chem. B. 107 (2003) 5723-5727.
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Nanoparticulas hibridas

Se sintetizaron NPs hibridas (NDs-MWCNTSs) a partir de NDs comerciales
obtenidos por procesos de detonacién y MWCNTs adquiridos de la casa
comercial MER Corporation. La Figura I1.1.3 resume el procedimiento de

sintesis llevado a cabo.

7‘"“ A
+ | o
. H2804:HNO, | H:S0:HNO; / Oyidaci6n
1) (3:1) de
"7 nanoparticulas
5mL de 3-aminopropil
+5 mL trietoxisilano
+
agitacién 45 mL tampdénacetato (pH=5)
4-6h
Iavado con agua

Funcionalizacion
de nanodiamantes

secado
NDs m m MWCNTs
funmonahzados e oxidados

" 5mgde h|droclorur0 deN-(3- ;
dlmet|lam|nopropll) -N'-gtilcarbodiimida

b .
2mgde N hidroxisuccinimida A%

10mLagua v“* ..»'-""NYVIIJQEACCION

Lavado con agua, secado y almacenado

Figura I1.1.3. Procedimiento de sintesis de NDs-MWCNTs.

METODOS DE TRATAMIENTO DE MUESTRA

A continuacién se exponen aquellos métodos de tratamiento de muestra

que se desarrollaron en la Tesis Doctoral. Algunos de ellos corresponden a
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técnicas de extraccion convencionales que han sido modificadas con la inclusién
de NPs en su esquema experimental. En otros casos, se han desarrollado
unidades de extraccion empleando nanotubos de carbono (CNTs) como
adsorbentes de extraccién en fase sélida (SPE) y por ultimo, se han utilizado
sistemas de extraccion disponibles comercialmente, como es el caso de los

MEPS (microextracciéon con adsorbentes empaquetados).

Extracciéon punto de nube con nanodiamantes (I11.1)

La técnica de extraccion punto de nube (CPE) se basa en la separacién de
una fase acuosa micelar homogénea en dos fases isotrépicas. Una fase de menor
volumen y enriquecida en surfactante donde se encuentra el analito, y una fase
acuosa de mayor volumen que contiene la matriz de la muestra y surfactante a
una concentracion inferior a su concentracién micelar critica (CMC). La
separacion en dos fases permite la extraccion y preconcentracion de los analitos
por su interaccion con el surfactante. Para que se produzca la separaciéon deben
cumplirse dos requisitos; i) que la concentraciéon de surfactante en la fase
acuosa inicial supere su CMC; y ii) que las condiciones experimentales tales
como presion, temperatura o fuerza idnica, sean alteradas respecto al punto

inicial.

En el trabajo recogido en el apartado IIl.1 de esta Memoria, se incluyeron
NDs en la técnica de CPE con el propdsito de evaluar su cometido en la
extraccion del analito. Nuestra hipdtesis inicial se fundamentaba en el hecho de
que estas NPs constituirian una fase adicional de interaccién con el analito
(aparte del surfactante) y por tanto, tendrian algin efecto sobre la eficiencia de
extraccidn. El esquema experimental del procedimiento de CPE modificado se

muestra en la Figura [1.1.4.
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adicion de
nanoparticulas

4

- MUESTRA alteracion de las
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Figura I1.1.4. Esquema general de la técnica de CPE modificada con NDs.

Extraccidon liquido-liguido asistida por nanotubos de carbono (III.2

En este caso se llevd a cabo una extraccion liquido-liquido (LLE) asistida
por una interfase de CNPs estabilizadas en etilacetato que se localizé entre las
fases acuosa y organica. El procedimiento fue optimizado para su aplicacion
principal en muestras de agua, aunque posteriormente se realizaron algunos

ensayos en matrices de suelo.

Para muestras acuosas, la interfase fue preparada por mezclar en un
mortero, 5 mg de MWCNTs con 1 mL de etilacetato hasta homogeneidad.
Entonces, la interfase fue afiadida a la matriz acuosa (20 mL) y posteriormente
se adicionaron 3 mL de etilacetato. La mezcla se agit6 y tras un tiempo de
reposo se pudo apreciar claramente la formacién de tres fases en el embudo de

decantacion donde tuvo lugar la extraccién. Una fase acuosa inferior, una

157



BLOQUE II. HERRAMIENTAS ANALITICAS

interfase de CNPs y una fase orgdnica superior. La Figura IL.1.5 ilustra el
procedimiento seguido para la formacién de la interfase asi como la formacién

de las tres fases dentro del embudo de decantacion.

nanotubos de carbono
(265 mg)
+

1 mL de etilacetato difusién del analito sobre

la superficie e interaccion
n-m con las nanoparticulas

faseorganica
A A

faseacuosa

Figura I1.1.5. llustracién del procedimiento para formar la interfase de CNPs, asi como de
las tres fases implicadas en la extraccién.

Extraccion en fase sélida con nanotubos de carbono (II1.3)

La extraccion en fase so6lida o SPE es la técnica de tratamiento de muestra
mas ampliamente utilizada en el andlisis de muestras ambientales dado su
mayor factor de preconcentracién, y menor consumo de disolvente y tiempo de

extraccidon en comparacion con LLE.

La unidad de extraccién desarrollada consisti6 en empaquetar 15 mg de
MWCNTs en cartuchos de SPE de polipropileno de 6 mm de diametro. Dos fritas
de polipropileno fueron colocadas en la parte superior e inferior de los
MWCNTSs para evitar su pérdida durante la consecucién del procedimiento de
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extraccion. Para la automatizacion de la etapa de carga de muestra acuosa, se
hizo uso de una bomba peristaltica. La Figura I1.1.6 muestra un esquema del
empaquetamiento de los MWCNTs en los cartuchos asi como de la

automatizaciéon del paso de muestra.

empaquetamiento automatizacion del paso de muestra
de 15 mgde MWCNTSs con bomba peristaltica
|
_
—— 000
— OO0
| [
o

Figura I1.1.6. Preparacion de la unidad de SPE y automatizacién del paso de muestra.

Microextraccion con adsorbentes empaquetados (MEPS) (111.4

La microextraccion con adsorbentes empaquetados (MEPS) es una
modalidad de SPE en la que los volimenes de muestra y de disolvente se
reducen considerablemente. Los adsorbentes empleados son similares a
aquellos usados en SPE, con la diferencia de que en este caso se integran en la
aguja de una jeringa. La sencillez, junto con el bajo consumo de disolvente y la
rapidez del proceso, hacen de ésta una técnica de extraccién alternativa muy
interesante para el tratamiento de muestra. La Figura I1.1.7 representa las

etapas generales que conforman el procedimiento de MEPS.
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Figura I1.1.7. Etapas del procedimiento de MEPS.

INSTRUMENTACION, APARATOS Y OTROS MATERIALES

Una vez realizado el tratamiento de muestra, es necesario disponer de un
sistema de deteccion adecuado. A continuacidn se describen aquellos
instrumentos, aparatos y otros materiales que se emplearon en los trabajos

enfocados en la aplicabilidad analitica de las NPs.

Instrumentacion

= Espectrofluorimetro. Los espectros
de fluorescencia fueron obtenidos usando
un espectrofluorimetro PTI QuantaMaster™
(Photon Technology International)
equipado con una lampara de xenén de 75

W y un sistema de deteccion modelo 814

PTM. La obtencion y el analisis de datos, asi
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como el control completo del instrumento se hicieron con el software Félix32.

Todas las mediciones se realizaron en cubetas de cuarzo de 10 mm.

= Electroforesis capilar. Los andlisis por CE
fueron llevados a cabo con un instrumento
P/ACE™ MDQ Beckman Coulter (Palo Alto,
California, EEUU) equipado con un detector UV-
Visible de diodos en fila (DAD). Los capilares de |
silice fundida fueron de 75 pum de didmetro

interno y tuvieron una longitud efectiva entre la

muestra y el detector de 50 cm (longitud total del capilar de 60.2 cm). Todas las
muestras fueron inyectadas en modo hidrodindmico y la separacion se realizé
por aplicacién de voltaje en modo de polaridad positiva. Las condiciones de
voltaje, presion, temperatura y longitud de onda de deteccién fueron diferentes
segun la aplicacidn. Tanto la adquisicién y procesamiento de datos, como el

control del instrumento fueron realizados con el software Karat32.

= Espectrémetro Raman portdtil. Las
medidas Raman se realizaron con un
espectrometro Raman portatil modelo
innoRam-785S equipado con un laser de
excitaciéon de 785 nm y una sonda Raman

con una potencia de laser maxima de 285

mW. Este instrumento consta de un
detector CCD (12 pm x 12 pm tamano de pixel, 2048 pixeles) enfriado por
efecto Peltier. Los espectros Raman fueron medidos empleando un objetivo con
una magnificacién 50x y un rango de deteccion entre 368-3000 cm'. La
adquisicion y tratamiento de datos, asi como el control del instrumento, se

realizaron con el software BWSpecTM.
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= Otros instrumentos

- Balanza analitica de precision OHAUS Explorer (Ohaus, Nanikon,

Suiza).

- pH-metro modelo micropH 2000 (Crison, Barcelona, Espaiia).

- Microscopio electréonico de transmision (TEM) de alta resolucion
JEOL JEM 1400 (SCAI, Cérdoba). Este instrumento operaba con un

voltaje de aceleracién de 120 kV y una magnificacién entre 50x-1000x.

Aparatos v otros materiales

= Agitador magnético (Velp Cientifica, Milan, Italia).

= Placa calefactora con agitacion magnética Agimatic-N (J.P. Selecta,

Barcelona, Espafia).

= Bafio de ultrasonidos Ultrasons de 50 W y 60 Hz de frecuencia (J.P.

Selecta, Barcelona, Espafia).

= Ultracentrifuga controlada por microprocesador Centronic BL-II (J.P.

Selecta, Barcelona, Espafia).

= Bomba peristaltica Minipuls 3 (Gilson, Inc. Middleton, EEUU).

= Cubetas macro de cuarzo con un paso Optico de 10 mm (Hellma,

Barcelona, Espaiia).

= Cristales de fluoruro de calcio (CrystalTechno, Moscow, Russia).

= Rejillas Formvar Carbon Film (Electron Microscopy Sciences, EEUU).
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= Jeringa MEPS de 250 uL con sorbente (C18 para realizar

microextracciones (SGE Analytical Science, Australia).

= Equipo de agua Milli-Q (Millipore, Bedford, MA, EEUU).

= Micropipetas.

= Material de vidrio de laboratorio clase A, para la preparaciéon de
estandares, medidas de volimenes y otras tareas desempeifiadas a lo
largo de la fase experimental. El material siempre se lavé con jabon

neutro, agua destilada, metanol y disolucién o disolvente a emplear.

= Jeringas de plastico y filtros de nylon de 0.45 pm de tamafio de poro
para la filtracion de disoluciones acuosas y tampones electroforéticos.
En algunos casos las muestras de agua de rio fueron también filtradas

antes de ser sometidas a la extraccion correspondiente.

= Envases de vidrio para el correcto almacenamiento de los estandares,

muestras y otras disoluciones.
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I1.2. Herramientas para los estudios de toxicidad

ANALITOS Y REACTIVOS

Todos los analitos y reactivos empleados en esta seccion fueron de pureza
analitica o en su caso, aptos para biologia molecular. La mayoria de ellos fueron

adquiridos de la casa comercial Sigma Aldrich.

Analitos

Los estudios realizados tuvieron como finalidad investigar la
citotoxicidad de AgNPs con diferentes recubrimientos superficiales, o aquella
asociada a nanotubos de carbono monocapa en presencia de un conocido

contaminante ambiental (4-nonilfenol).

= Nanoparticulas de plata (AgNPs). Estas fueron sintetizadas a partir del
mismo nucleo de plata pero con diferentes recubrimientos superficiales:
polimero anhidrido maleico de poliisobutileno modificado con
dodecilamina (PMA), 4&cido 11-mercaptoundecanoico (MUA) y
polietilenglicol de 10 kDa (PEG).

» Nanotubos de carbono monocapa con polietilenglicol (SWCNTs-PEG).
Estos CNTs presentan un didmetro entre 4-5 nm y una longitud entre
500-600 nm. Seguin la informacién proporcionada por el fabricante
(Sigma Aldrich, St. Louis, MO, USA) su contenido en carbono supera el

80% y el contenido en trazas metalicas es inferior al 4%.

» 4-nonilfenol (NP). Este analito fue OH
adquirido de la casa comercial Sigma

Aldrich (Madrid, Espafa). H3C(H,C);H,C
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Reactivos para la preparacion de los medios de cultivo

Los medios de cultivo celulares fueron preparados a partir de los

siguientes reactivos:

» Medio de cultivo Eagle bajo en glucosa y modificado de Dulbecco (DMEM).
= Suero de ternero y suero fetal bovino (FBS).
= L-glutamina.

® Penicilina/estreptomicina (disolucién antibidtica-antimicdtica).

Reactivos para los ensayos de citotoxicidad

En los ensayos de viabilidad celular se hizo uso de los siguientes reactivos

obtenidos en su mayoria de la casa comercial Sigma-Aldrich:

= Kit de ensayo de toxicologia in vitro TOX8 basado en resazurina.

» Bromuro de 3-(4,5-dimetiltiazol-2-il)-2,5 difeniltetrazolio (MTT).

» Dimetilsulféxido (DMSO).

= Disolucién tampén fosfato salino (PBS).

Reactivos para la sintesis de AgNPs

Para la sintesis de AgNPs se emplearon:

= Reactivos de sintesis. 1-bromodecano, tiosulfato de sodio
pentahidratado, nitrato de plata, borohidruro de sodio, 4cido ascorbico,

y 1-etil-3-(3-dimetilaminopropil) carbodiimida (EDC).

» Disoluciones tampon. Tris-borato-EDTA, borato de sodio y fosfato salino.
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= Disolventes y  estabilizantes. Cloroformo, etanol, metanol vy

tetrahidrofurano.

= Disolventes de lavado. Agua desionizada, etanol y acetona.

= Agentes de recubrimiento. MUA, PMA y PEG.

®» Fluordforos. DY-636 modificado con grupos amino para los estudios de

internalizacion celular de las AgNPs mediante microscopia confocal.

SINTESIS DE NANOPARTICULAS DE PLATA

Con el propoésito de evaluar la influencia de la quimica superficial de las
NPs sobre su citotoxicidad, se sintetizaron AgNPs a partir de un mismo ntcleo
de plata pero con diferentes agentes superficiales. AgNPs hidrofébicas fueron
sintetizadas en primer lugar, y a partir de éstas se obtuvieron AgNPs
hidrofilicas mediante reacciones de intercambio de ligando o recubrimiento
polimérico. A continuacién se especifican todos los protocolos de sintesis

seguidos.

Sintesis de AgNPs hidrofébicas

Dos etapas conforman la sintesis de las AgNPs primarias hidrofébicas a
partir de las cuales se sintetizaron todas las demas de caracter hidrofilico. La
primera etapa consistio en la sintesis del agente estabilizante de las AgNPs, es
decir, dodeciltiosulfato sddico. La segunda y ultima etapa se bas6 en la sintesis
propiamente dicha de las AgNPs en presencia del ligando sintetizado en el paso

anterior.
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1) Sintesis de dodeciltiosulfato sdédico (estabilizante). Aproximadamente 5
mL de 1-bromodecano se disolvieron en 50 mL de etanol a una
temperatura de 50 °C. Por otro lado, 6 gramos de tiosulfato de sodio
pentahidratado se disolvieron en agua y se afadieron a la disolucién
anterior. La mezcla se puso en reflujo durante 3 horas, y una vez enfriada
a T2 ambiente se obtuvo un precipitado blanco que fue el ligando

dodeciltiosulfato sodico.

2) Sintesis de AgNPs hidrofébicas en presencia del estabilizante. Una vez
sintetizado el dodeciltiosulfato sddico, una cantidad aproximada de 0.4 g
de éste se disolvid en 90 mL de etanol a una temperatura de 50 °C.
Entonces se afiadieron 0.3 g de nitrato de plata (AgNOs3) y la disolucién se
agité durante 10 minutos. Seguidamente, 0.3 g de borohidruro sédico se
disolvieron en 15 mL de etanol y se anadieron a la mezcla. Tras 5
minutos de agitacion, se afiadieron 0.07 g de acido ascérbico y la mezcla
resultante se agit6 durante tres horas. Pasado este tiempo se enfrid la
mezcla y finalmente se obtuvo un precipitado (AgNPs) que fue lavado
consecutivamente con agua, etanol y acetona en ciclos de centrifugaciéon
de 15 minutos a 3,000 rpm cada uno. Las AgNPs obtenidas se secaron por

aplicacion de vacio y por tltimo, se redisolvieron en cloroformo.

Sintesis de AgNPs recubiertas con acido 11-mercaptoundecanoico

(AgNPs-MUA)

Las AgNPs-MUA fueron sintetizadas a partir de las AgNPs hidrofébicas
anteriores a través de una reaccion de intercambio de ligando entre el
dodeciltiol (estabilizante inicial) y el 4cido 11-mercaptoundecanoico
(recubrimiento final). El procedimiento de sintesis fue como sigue.
Aproximadamente 10 mg de AgNPs hidrofébicas se disolvieron en 20 mL de

cloroformo. Por otro lado, 1.6 g de MUA se disolvieron en 130 mL de disoluciéon
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tampoén tris-borato-EDTA por aplicacion de ultrasonidos durante 45 minutos. A
continuaciéon, ambas disoluciones (AgNPs y MUA) se mezclaron y agitaron
durante 5 minutos. En este tiempo, se produjo el intercambio de ligandos y las
NPs, al adquirir caracter hidrofilico, pasaron a la fase acuosa. La mezcla se
centrifugd entonces (2,000 rpm durante 20 minutos) para separar las AgNPs-
MUA. La disolucién de NPs obtenida se concentré usando filtros de centrifuga
con un tamafio de poro de 100 kDa. Las AgNPs-MUA fueron purificadas en
ultimo término mediante electroforesis en gel y cromatografia liquida de alta

resolucion (HPLC).

Sintesis de AgNPs recubiertas con polimero anfifilico (AgNPs-PMA)

Para obtener estas NPs, se sintetizd en primer lugar el polimero anfifilico
de recubrimiento (PMA) y en ultimo lugar, las NPs en presencia de este

polimero.

1) Sintesis del PMA. El polimero (con un peso molecular de 6000 g mol-)
se agité con dodecilamina en 100 mL de tetrahidrofurano. Tras varias
horas de agitacion a 60 °C, se evaporé el disolvente por aplicaciéon de
vacio, y el polimero resultante se redisolvid en cloroformo anhidro hasta
obtener una concentraciéon de 50 mM. El protocolo de sintesis del PMA ha

sido detallado especificamente en bibliografia ya publicadaz.

2) Sintesis de AgNPs-PMA. Las disoluciones de PMA y AgNPs hidrofébicas
preparadas en cloroformo se mezclaron durante 30 minutos. Después de
la evaporacion del disolvente, las AgNPs-PMA obtenidas se redisolvieron
en disoluciéon tampén borato sédico (50 mM, pH 12). La disolucién de
AgNPs-PMA se concentré con el empleo de filtros de centrifuga (100 kDa)

y finalmente se purificé6 mediante electroforesis en gel y HPLC.

2 C.AJ. Lin, R.A. Sperling, ].K. Li, T.Y. Yang, P.Y. Li, M. Zanella, W.H. Chang, W.J. Parak, Small 4 (2008) 334-341.
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Sintesis de AgNPs recubiertas con polietilenglicol (AgNPs-PEG)

En este procedimiento de sintesis se emple6 EDC para poder unir los
extremos -NH; del polimero PEG a la superficie de las AgNPs-PMA rica en
grupos -COOH. Para ello se prepararon disoluciones separadas de AgNPs-PMA,
PEG y EDC en borato de sodio (50 mM, pH 9) a diferentes concentraciones.

sSintesis de AgNPs-PMA-satPEG. Brevemente, se mezclaron las
disoluciones preparadas de AgNPs-PMA y PEG, de forma que el nimero
de moléculas PEG excediera considerablemente al de NPs.
Posteriormente, se tomaron alicuotas de 20 pL de esta mezcla y a cada
una se le anadieron 10 pL de la disolucién de EDC. El tiempo de reaccién

fue de 90 minutos.

=Sintesis de AgGNPs-PMA-1PEG. En este caso, se mezclaron alicuotas de 1
mL de cada una de las disoluciones de AgNPs-PMA, PEG, y EDC. La
reaccion se dejo en reposo durante 90 minutos, tiempo tras el cual se
hizo una purificacion progresiva con electroforesis en gel con el

proposito de obtener NPs con una tinica molécula PEG en superficie.

El protocolo experimental detallado del recubrimiento de las AgNPs con

PEG esta recogido en bibliografia3.

Sintesis de AgNPs marcadas con fluoréforo

Los estudios de internalizaciéon celular fueron realizados con AgNPs
marcadas con un fluoréforo y microscopia de laser confocal. Para ello, el
polimero de recubrimiento PMA fue modificado con el fluoréforo DY-636 de la

siguiente manera. Aproximadamente 2 mg de DY-636 se disolvieron en 10 mL

3 R.A. Sperling, T. Pellegrino, ].K. Li, W.H. Chang, W.]. Parak, Avd. Funct. Mater. 16 (2006) 943-948.
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de metanol y la disolucion se transfirio a un matraz en el que se aplic6 vacio con
objeto de evaporar el disolvente. A continuacion, se afiadieron 1.3 mL de una
disolucion de PMA en cloroformo (50 mM) y 4 mL de tetrahidrofurano. La
mezcla se agité durante 24 h a 60 °C. Posteriormente, el disolvente se evaporo
a vacio y el PMA modificado se redisolvié en 1.3 mL de cloroformo. Finalmente
las NPs fueron sintetizadas con el polimero modificado siguiendo el protocolo

anteriormente descrito para AgNPs-PMA y AgNPs-PMA-satPEG*.

MATERIAL BIOLOGICO

Las lineas celulares utilizadas en la evaluacion de los efectos citotoxicos

de las NPs fueron:

» Fibroblastos embrionicos de ratén NIH/3T3
obtenidos de la casa comercial LGC

Promochem (Teddington, Reino Unido).

= Fibroblastos embrionicos de raton 3T3-L1

proporcionados por la casa comercial

American Type Culture Collection (Virginia,

EEUU).

En ambos casos se trata de fibroblastos de raton, pero las células 3T3-L1

presentan la caracteristica distintiva de poder diferenciarse a adipocitos.

ENSAYOS DE VIABILIDAD CELULAR

En este apartado se detallan los ensayos de citotoxicidad realizados

durante la fase experimental de la Tesis Doctoral. Estos ensayos miden la

4 C.AJ. Lin, RA. Sperling, ].K. Li, T.Y. Yang, P.Y. Li, M. Zanella, W.H. Chang, W.]. Parak, Small 4 (2008) 334-341.
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actividad metabdlica de las células una vez que han sido expuestas a las NPs. La
reduccion de su actividad metabdlica (por comparaciéon con la actividad
observada en las células no expuestas o células control) es una prueba
irrefutable del dafio celular ocasionado y por tanto, estd directamente

relacionada con la toxicidad de las NPs.

Ensavo de citotoxicidad del MTT

El ensayo colorimétrico del bromuro de 3-(4,5-dimetiltiazol-2-il)-2,5
difeniltetrazolio o MTT, se basa en la capacidad de las células vivas para reducir
el compuesto MTT de color amarillo a formazan de color azul por accién de sus

enzimas mitocondriales (en concreto, la succinato deshidrogenasa).

Siguiendo nuestro protocolo especifico, células 3T3-L1 fueron sembradas
en placas de cultivo celular de 12 pocillos durante 3-4 dias a 37 °C y 5% de CO..
Seguidamente fueron tratadas durante 24/48 horas con SWCNTs-PEG, 4-
nonilfenol y mezclas de ambos. Las células que no fueron tratadas fueron
consideradas controles negativos. Se estudié la presencia de suero (10% de
FBS) en el medio de incubacién ya que éste tiene un efecto directo sobre la
estabilidad de las NPs y consecuentemente, sobre su toxicidad. Transcurrido el
tiempo de tratamiento, se retir6 el medio de cultivo y las células fueron
incubadas con una disolucion de MTT (0.1 mg mL?!) durante 5 horas.
Posteriormente, se retiré la disolucion de MTT, se hizo un lavado con disolucién
tampoén fosfato salino (PBS) y los cristales de formazdn generados se
disolvieron con 1 mL de DMSO bajo agitaciéon durante 15 minutos. Las medidas
de absorbancia se realizaron en un espectrofotémetro a una longitud de onda
de 570 nm. Los valores de absorbancia obtenidos se relacionan directamente
con el porcentaje de viabilidad celular de las muestras, de forma que una mayor
absorbancia es consecuencia de una mayor generacion de formazan por un

mayor nimero de células vivas presentes. La Figura IL.2.1 representa la
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conversion del compuesto MTT a formazan y la Figura I1.2.2 muestra las etapas

seguidas en la consecucién del ensayo.

/"’..‘ \“\\ Absorbancia
/7 Actividad ™, ", a570nm

& 7 metabélica \‘

i p ; @
HE encelulasvwas\,r

Formazan decolor azul

Figura I1.2.1. Conversion del MTT a formazdn en células vivas.
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Figura I1.2.2. Protocolo adaptado para el ensayo MTT.
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Ensayo de citotoxicidad del Azul Alamar o de la resazurina

Este ensayo colorimétrico mide la actividad metabdlica de las células
vivas a través de su potencial para reducir la resazurina (sal sédica azul no
fluorescente) a resorufina (sal sodica rosa fluorescente). La sefial de
fluorescencia emitida se relaciona con la conversién de resazurina a resorufina
y por tanto, con la viabilidad celular de las muestras. No obstante, el maximo
valor de fluorescencia no siempre se asociada a aquellas células sin tratar
(controles) ya que la resorufina se puede reducir en mayor grado a la especie

hidroresorufina (transparente y no fluorescente).

A continuacidn se detalla el protocolo especifico seguido en nuestro caso.
Células NIH/3T3 fueron sembradas en placas de cultivo celular de 96 pocillos
durante 24 horas a 37 °C y 5% de CO>. Posteriormente, se trataron durante 24
horas con AgNPs con distintos recubrimientos superficiales. Células incubadas
con AgNOsz fueron los controles positivos y aquellas sin tratar los controles
negativos. Transcurridas 24 horas, se lavd con PBS y entonces se afiadié una
disolucidn de resazurina preparada al 10% en medio de cultivo. Tras 3 horas de
incubacién, se midié la fluorescencia de las muestras en un espectrofluorimetro
empleando una longitud de onda de excitacion de 560 nm y un rango de
emisién entre 572-650 nm. Las curvas dosis-respuesta se construyeron con los
valores de fluorescencia normalizados (con respecto al valor maximo) y el

logaritmo de las concentraciones de AgNPs estudiadas.

La Figura I1.2.3 muestra la conversion de la resazurina en las distintas
especies reducidas. La Figura 1I.2.4 ilustra el protocolo seguido para el

desempefio de este ensayo colorimétrico.
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Figura I1.2.3. Conversion de resazurina a resorufina e hidroresorufina.
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Figura I1.2.4. Protocolo adaptado para el ensayo de resazurina.
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INSTRUMENTACION

Los instrumentos que se detallan a continuacién fueron los que se

emplearon en los estudios de toxicidad.

= Microscopio electrdnico de transmision (TEM) JEOL JEM modelo 3010. Las
imagenes TEM obtenidas para caracterizar las NPs fueron realizadas con este

microscopio.

= Malvern Zetasizer. El diametro hidrodinamico (dn) asi como el potencial
zeta de todas las AgNPs sintetizadas experimentalmente fueron

proporcionados por este instrumento.

= Espectrofotometro Agilent 8453. Los espectros de absorcién de las

AgNPs fueron medidos con este equipo instrumental.

= Espectrometro de masas con plasma de acoplamiento inductivo (ICP-MS)
PerkinElmer Sciex modelo ELAN DRC-e. Este instrumento esta equipado con un
nebulizador concéntrico y una cadmara de spray ciclonica. Se utiliz6 para
analizar la concentracion de iones plata en las suspensiones preparadas asi

como para los estudios de oxidacién de las AgNPs.

= Electroforesis en gel BIO-RAD PowerPack Basic. La purificacion de las
AgNPs con diferente grado de recubrimiento se llevd a cabo mediante
electroforesis en gel. Las NPs migraron a través de gel de agarosa (2%)

aplicando un campo eléctrico de 10 V-cm-1 durante 1 hora.

= Cromatdgrafo de liquidos de alta presion (HPLC) Agilent serie 1100.

Provisto de una columna de Sepharcyl S300-HR fue empleado para la
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purificacién y separacion de AgNPs con diferente grado de recubrimiento

superficial.

= Espectrofluorimetro Horiba FluoroLog. Fue empleado para obtener los
espectros de fluorescencia de las AgNPs marcadas con el fluor6foro DY-636 y
asimismo, para realizar las medidas de fluorescencia derivadas de los ensayos

de citotoxicidad basados en resazurina.

= Espectrofotémetro Beckman DU-70. Fue utilizado para las medidas de

absorbancia derivadas de los ensayos in vitro con MTT.
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IL.3. Gestion de residuos generados

La concienciaciéon ambiental es una materia todavia pendiente en la
sociedad actual. Dentro del ambito de la investigacion, el empleo de reactivos
potencialmente téxicos conlleva una responsabilidad ambiental adicional que

implica tanto su manipulacién como su disposicion final.

Como consecuencia del desarrollo de la fase experimental de la Tesis
Doctoral, se emplearon y desecharon reactivos quimicos toxicos, residuos
biolégicos y materiales de laboratorio impregnados de los mismos. Es por ello
por lo que se hizo una cuidadosa gestion de los mismos que consistio en
almacenarlos correctamente en los recipientes apropiados, y gestionar su

recogida a través de un servicio externo.

El Servicio de Proteccién Ambiental (SEPA) es el 6rgano encargado de la
gestion ambiental en la Universidad de Cérdoba y pertenece a la Direccidon
General de Prevencion y Proteccion Ambiental. Entre los principales cometidos
del SEPA destaca el desarrollo de acciones que incrementen la concienciacion
ambiental en la gestién de la Universidad (actividades de asesoramiento y
formacién), asf como la prevencién de la contaminacion y el cumplimiento de
todos los requisitos legales existentes. Previa solicitud, el SEPA se encarga de la
recogida selectiva y gestiéon de todos los residuos peligrosos generados en la
Universidad. Es por tanto, el servicio que complementa a la perfeccion la labor

investigadora desarrollada en nuestros laboratorios.

177






BLOQUE III

Nanoparticulas como

herramientas analiticas

Introduccion 181

III.1. Nanodiamonds assisted-cloud point extraction for the

determination of fluoranthene in river water 185

I11.2. Liquid-liquid extraction assisted by a carbon nanoparticles
interface. Electrophoretic determination of atrazine in

environmental samples 209

II1.3. Carbon nanotubes as SPE sorbents for extraction

of salicylic acid from river water 231

I11.4. Microextraction by packed sorbents combined with
Surface-enhanced Raman spectroscopy for determination

of musk ketone in river water 249






Introduccion

INTRODUCCION

Debido a sus extraordinarias propiedades fisicoquimicas, las NPs han sido
muy utilizadas en el &mbito analitico, destacando su aportacién a las técnicas de
extraccidon convencionales enmarcadas dentro del tratamiento de muestra del

procedimiento analitico [1].

La mayoria de aplicaciones analiticas descritas en este sentido emplean
las NPs como sélidos sorbentes en las técnicas de (micro)extraccién en fase
sélida, ya sea de forma aislada [2], o formando hibridos con otros materiales
convencionales [3]. Las NPs pueden utilizarse en distintas modalidades;
empaquetadas [4], dispersas [5] o en forma de recubrimientos [6], para extraer
y preconcentrar analitos de diferente naturaleza. Sin embargo, los
nanomateriales no han tenido mucha acogida en las técnicas de
(micro)extraccion liquido-liquido a excepcion de las NPs magnéticas que si se
han empleado en este ambito pero Unicamente para facilitar la retirada de la
fase organica del medio [7,8]. No obstante, hasta la fecha no se ha considerado
la posibilidad de combinar la fase organica con las NPs como fases extractantes

simultaneas del analito.

Las técnicas de extraccion basadas en el empleo de surfactantes, como la
extraccion punto de nube, se han propuesto para la extraccién de algunas NPs
metalicas de matrices acuosas, si bien en esos casos las NPs constituyen los
analitos objeto de determinacién y no las fases extractantes. Actualmente, un
Unico trabajo de investigacion describe el empleo de NPs de alimina en
combinacidn con el surfactante Tritén X-114 como fases extractantes para la
separacion y preconcentracién de determinados iones metalicos [9]. El empleo
de las NPs en este ambito como agentes de extracciéon y no como analitos per se,

es por tanto un drea de investigacidn poco explotada a dia de hoy.
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Ademas del tratamiento de muestra, la separacién instrumental y la
deteccién son las otras dos etapas del procedimiento analitico que pueden
beneficiarse con el empleo de NPs. En este sentido, conviene destacar el enorme
potencial de las NPs metdlicas para incrementar la sensibilidad de la deteccién
por Espectroscopia Raman gracias a su utilizacidon como superficies o

plataformas SERS.

En resumen, este Bloque III pretende indagar en la aplicabilidad analitica
de las NPs a través de tres diferentes técnicas de extraccién enfocadas en la
determinaciéon de varios analitos de interés ambiental. Se intenta profundizar
por lo tanto en la aplicaciéon de las particulas nanométricas en esquemas de
extraccién en los que no han sido tan investigadas hasta la fecha, como son la
extraccion mediada por surfactantes y la extraccion liquido-liquido. Asimismo
se confirma el potencial de las NPs como sélidos sorbentes en un area mas que
consolidada como es la extraccion en fase sdlida. Por ultimo, este Bloque III
también quiere extender el estudio de las NPs como herramientas en la etapa de
deteccion Raman demostrando nuevamente su versatilidad de aplicaciéon

dentro del procedimiento analitico.
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ABSTRACT

The classic cloud point extraction has been modified by the inclusion
of nanodiamonds and applied to the extraction-preconcentration of
fluoranthene from river water. The effects of ionic strength and surfactant
concentration, process temperature, incubation time, nanoparticle type
and concentration, and elution conditions were investigated in depth. The
effect of the carbon nanoparticles (CNPs) on the performance of the
conventional cloud point scheme enabled the formation of two phases in a
relatively short time and without temperature requirements. Experiments
carried out under optimized conditions but in absence of nanoparticles
were unsuccessful in terms of phase separation and consequently, the
nanoparticles are indispensable to the analytical performance. The work
developed here, confirms the versatility of the CNPs to be introduced in
diverse sample treatment processes, resulting very interesting to

investigate in each case their impact on the performance of the process.
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The application of the proposed method followed by fluorimetric
detection enabled the determination of fluoranthene in spiked river water
providing a good relative standard deviation (RSD) (6.6%, n=3) and

acceptable recovery values (>65%).

GRAPHICAL ABSTRACT
SDS NRS
Fluoranthene
Aqueous phase
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1. INTRODUCTION

Analytical methods with high sensitivity, selectivity and resolution are
required in order to determine analytes at trace concentration levels in complex
matrices. Extraction-separation techniques overcome this problem since they
isolate analytes from the matrix, thereby reducing, controlling or eliminating
the interferences originally present, and additionally, preconcentrate and
determine the analytes at very low concentrations.! Conventional extraction
techniques such as liquid-liquid or solid-phase extraction (LLE, SPE), and
liquid-phase or solid-phase microextraction (LPME, SPME), are relatively

expensive, tedious and consume large amounts of organic solvents.2

Cloud point extraction (CPE) has become one of the most outstanding
extraction techniques. This technique is based on the separation of a
homogeneous micellar aqueous solution into two isotropic liquid phases. One of
them, the smaller-volume surfactant-rich phase, contains the surfactant
interacting with the analyte molecules at a concentration above its critical
micellar concentration (CMC), that is the surfactant concentration above which
the surfactant molecules aggregate to form micelles. The other larger-volume
aqueous phase is only composed of surfactant molecules at a concentration
close to the CMC. In comparison to the above mentioned extraction techniques,
CPE shows remarkable advantages such as versatility for extracting and
preconcentrating analytes of different nature, variable preconcentration factors
depending on the amount of surfactant added, lower loss of analyte since it is
not necessary to evaporate the solvent, low cost, and no toxicological effects
thanks to the use of biodegradable surfactants. The limitations are mainly
related to the high background absorbance of the surfactants in the UV region
and to the handling of the surfactant-rich phase since this is too viscous to be
directly injected into conventional analytical instruments and therefore, a

previous dilution or clean up step is usually necessary before detection.!-3 In
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order to ensure that separation into two phases occurs, two conditions are
required. The first is that the surfactant concentration must exceed their CMC
for the formation of micelles. The second is that the experimental conditions
such as temperature, pressure or ionic strength must be altered. When
separation into two phases takes place, the solution becomes turbid due to the
diminished solubility of the surfactant in water. However, this phenomenon is
reversible when the experimental conditions return to their initial point. The
cloud point temperature (CPT), temperature at which the solution becomes
turbid, plays an important role in the formation of the two phases when
nonionic or zwitterionic surfactants are used. The mechanism by which two
phases are formed is still subject of controversy. However, it may be attributed
to the competition between the entropy (which promotes the solubility of the
micelles in water) and enthalpy (which promotes the separation of the micelles
from water) when the temperature of the system increases.* The water
molecules lattices surrounding the surfactant molecules are destroyed with the
rise in temperature causing the dehydration, and consequently, the van der
Waals interactions among the surfactant molecules prevail. As a result,
agglomeration of the surfactant micelles takes place in the surfactant-rich phase
and thus, the volume of this phase decreases.3-5 On the other hand, it has been
shown that micellar solutions of anionic surfactants such as sodium dodecyl
sulfate (SDS) may also form two isotropic phases at room temperature under

highly acidic conditions.¢

Carbon nanoparticles (CNPs) have been extensively used as sorbents in
solid phase extraction techniques since they may adsorb different pollutants on
their surface.’- This is a consequence of the different interactions that can
occur between the nanoparticles and pollutants, such as hydrophobic, m-m and
electrostatic interactions, or hydrogen bonds.1® Among CNPs, nanodiamonds
have become extensively investigated due to their high adsorption capacity and
specific surface area, simple surface functionalization, chemically inert cores
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which are combined with a hydrophobic surface, and ability to be incorporated
in the design of new sensors.!! Nanodiamonds are CNPs with a truncated
octahedral architecture and are about 2 to 8 nm in diameter.12 Among their
applications one must highlight their use in electrochemical coatings,!3 polymer
compositions,14 anticorrosion coatings!®> and lubricants,!6 although their most
widely described applications are in the biology field, where they are used as,
nanobioprobes to visualize protein-bacteria interactions,!” carriers of
biomolecules in column chromatography,!® drug carriers,!® or platforms to
extract and elute peptides, proteins, DNA, glycans and other molecules.2® To
date, few analytical applications of nanodiamonds in the sample treatment field

have been described.

Nanoparticle-surfactant interactions via electrostatic or hydrophobic
attractions have been widely studied and are the basis of those works where
CPE is applied to the extraction-preconcentration of nanoparticles from
environmental samples.2122 Therefore, from our knowledge, nanoparticles
could interact with micelles forming micellar complexes that may extract the
analyte from an aqueous matrix. The extraction would be assisted by the given
interactions between the analytes and micelles, and reinforced by the
interactions between the stabilized-nanoparticles and the analyte. However, the
effect of including nanoparticles in the cloud point scheme for the extraction of

a pollutant has not been studied until now.

Here, we evaluated the impact of the inclusion of different CNPs, such as
nanodiamonds, multi-walled carbon nanotubes and hybrid nanoparticles, on
the conventional CPE. Our experimental study consisted of optimizing a CPE
procedure at room temperature assisted by SDS, an electrolyte and
nanoparticles. Also, the optimum experimental procedure was tested for the
extraction of fluoranthene from river water samples followed by fluorimetric

detection. Fluoranthene was taken as model analyte since its aromatic structure
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was expected to favor interactions with the CNPs. Since previously published
papers about CPE and fluoranthene led to good recoveries and low limits of
detection, 23-26 our purpose here lay in studying the role of the CNPs in this

conventional extraction technique.

2. EXPERIMENTAL

2.1. Instrumentation

Fluorescence spectra were obtained using a PTI QuantaMaster™
Spectrofluorometer (Photon Technology International) equipped with a 75 W
xenon short arc lamp and a model 814 PTM detection system. FeliX32 software
was used for fluorescence data collection and analysis, and it also controlled the
whole instrument. All the fluorescence measurements were made using 10 mm
quartz cells from Hellma Analytics. The instrument excitation and emission slits

both were adjusted to 7 nm.

Micellar aqueous solutions containing nanoparticles were sonicated in an

ultrasound bath without heating (Ultrason model, Selecta, 50 W, 60 Hz).

2.2.Reagents

All reagents were of analytical grade and were used without any further
purification except for the nanodiamonds. The model analyte chosen was
fluoranthene (99%) and it was purchased from Sigma Aldrich (St. Louis, MO,
USA). Acetonitrile for luminescence (299.5%, GC) was used for fluorescence
measurements and was also obtained from Sigma Aldrich (St. Louis, MO, USA).
The chemical and spectral properties of fluoranthene are summarized in Table
1. Sodium dodecyl sulfate (SDS) (298.5%) was selected as the surfactant for
carrying out the cloud point procedure and was purchased from Sigma Aldrich
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(St. Louis, MO, USA). Sodium chloride (NaCl) (299%) from Sigma Aldrich (St.
Louis, MO, USA) was selected as the electrolyte to induce the separation of the
homogeneous aqueous phase into two isotropic phases. Acetonitrile (99.9%)
and acetone (99.9%) were used to purify the commercial nanodiamonds before
the extraction. Hydrochloric (37%), nitric (69%) and sulfuric (95-98%) acids
were used in order to oxidize the nanoparticles by introducing carboxylic and
hydroxylic superficial groups. These last chemical reagents were all purchased

from Panreac (Barcelona, Spain).

Table 1. Chemical and spectral properties of the model analyte.

Water

b c

Analyte Formula log (Kow)?  solubility Rex Aem
(mg-mL-1) (nm) (nm)

Fluoranthene C16H10 5.08 0.26 350 460

@ Kow: octanol-water partition coefficient. b A... maximum excitation wavelength.
¢ Aem: maximum emission wavelength.

2.3. Synthesis of hybrid nanoparticles

The chemical reagents used to synthesize the hybrid nanoparticles were
3-aminopropyltrimethoxysilane (=98%), acetic acid (299.85%), N-(3-
dimethylaminopropyl)-N -ethylcarbodiimide hydrochloride (commercial grade)
and N-hydroxysuccinimide (297%). All these reagents were acquired from

Sigma Aldrich (St. Louis, MO, USA).

Nanodiamonds (NDs) obtained by detonation processes with a mean
diameter of 3.2 nm and a purity >98% were provided by NaBond Technologies.
Multi-walled carbon nanotubes (MWCNTs) with a mean diameter of 140 nm
were provided by MER Corporation. 0.2 g of each type of nanoparticle were
separately oxidized, as previous step to the synthesis of the hybrid

nanoparticles, in a mixture of sulfuric and nitric acids, being the oxidation
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conditions different for the NDs (ratio 1:1 for 24 hours) compared to the
MWCNTs (ratio 3:1 for 2 hours).

The synthesis of hybrid nanoparticles (NDs-MWCNTs) was as follows.
Firstly, the previously oxidized NDs (about 0.2 g) were shaken for 4-6 hours in
5 mL of a solution that was previously prepared by mixing 5 mL of 3-
aminopropyltriethoxisilane with 45 mL of a 0.05 M acetate-acetic acid buffer
solution at pH 5. The resulting NDs were centrifuged three times at 13000 rpm
with Milli-Q water (in order to remove superficial residues) and then air-dried.
Next, around 0.2 g of oxidized multi-walled carbon nanotubes (MWCNTSsox)
were mixed with the previously obtained NDs in a 10 mL aqueous solution
containing 2 mg of N-hydroxisuccinimide and 5 mg of N-(3-
dimethylaminopropyl)-N -ethyl-carbodiimide hydrochloride. The final pH was
adjusted to 5 and the reaction time was 24 hours. The resulting hybrid
nanoparticles were centrifuged three times at 13000 rpm with Milli-Q water,

then air-dried and finally stored for their future use.

2.4. Purification procedure of nanodiamonds

In order to ensure the absence of impurities derived from their synthesis,
the commercial NDs were subjected to a purification procedure before being
used in the extraction procedure. This purification consisted of two consecutive
centrifugations in presence of 2 mL of acetone and 2 mL of acetonitrile. In both
cases, the centrifugation conditions were 10000 rpm for 5 minutes. The
supernatant was removed after each washing and finally the purified NDs were

air-dried and stored.
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2.5. Nanodiamonds assisted-cloud point extraction

The experimental procedure scheme is depicted in Fig. 1 and was as
follows. 36 mg of the NDs (previously purified) were added to a 6 mL aqueous
solution containing 0.1 mol L-1 SDS, and then this was sonicated in an ultrasonic
bath for 30 minutes. Afterwards, the samples were spiked at different
concentrations and 10 min was selected as the optimum incubation time.
Fluoranthene was selected as model polycyclic aromatic hydrocarbon to
perform the extraction as its fluorescence emission maximum (460 nm) is
rather distant of that from the NDs (327 nm) and as a consequence, the
fluorescence interference on the analytical signal was negligible. Additionally,
fluoranthene has an aromatic structure that promotes the interplay with the
CNPs through m-m interactions. Following the experimental procedure, 90 mg of
NaCl was added to the micellar solution (0.25 mol L-! of NaCl in total) and the
mixture was allowed to rest for 60 min in order to enable the formation of two
phases at room temperature. Centrifugation at 3500 rpm for 10 min was used
to enhance phase separation. Subsequently, the aqueous phase was withdrawn
by simple decantation and 1.5 mL of acetonitrile was added to the surfactant-
rich phase (that contained the NDs), mixed, and allowed to sit for 5 min. Then,
the upper phase (approximately 1.5 mL of acetonitrile containing the analyte)
was carefully transferred to a glass tube with a Pasteur pipette, and a
centrifugation step at 3500 rpm for 5 min was necessary to remove the NDs
that had been transferred into the acetonitrile. For the fluorescence
measurements, a volume of 1 mL of acetonitrile was used rather than the full
1.5 mL obtained and this was transferred into the quartz cell. The fluorescence
signal of fluoranthene was measured according to the excitation and

fluorescence wavelengths provided in Table 1.
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Figure 1. A scheme showing the nanodiamonds assisted-cloud point extraction.

2.6. River water samples

River water samples were collected from the Guadalquivir River
(Cordoba, Spain). Since there were no real positive samples, the samples were
necessarily spiked with fluoranthene at a concentration of 0.060 mg L-1. 6 mL of
water sample were subjected to the previously described experimental

procedure (see section 2.5).

3. RESULTS AND DISCUSSION

CPE needs to be carried out under optimum conditions so that the
preconcentration factor and extraction efficiency can be maximized in each
case. Several experimental factors must be taken into account to achieve this
objective such as type and concentration of surfactant and additive, process
temperature, pH and incubation times. With this same purpose, the
optimization of diverse experimental factors has been investigated here. Firstly,
the experimental conditions related to the conventional cloud point system

were studied, including ionic strength, surfactant concentration, process
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temperature and incubation times. Once these variables were set, the
optimization of the CNP type and concentration and the elution conditions were
subject of study. SDS was initially used as the surfactant, taking as reference a
published work on the extraction of polycyclic aromatic hydrocarbons (PAHs)
by cloud point extraction with SDS followed by fluorimetric detection.6 The pH
effect was not considered here because it has been described that its influence
on the extraction efficiency and recovery is not crucial for neutral or non-

ionized compounds such as PAHs.327

It should be noted that the role of the nanoparticles in assisting the classic
cloud point technique is still unknown and several theories are possible. One
hypothesis is that the inclusion of nanomaterials in the system could reinforce
the micellar extraction of the analyte from the aqueous matrix by establishing
supplementary interactions with it, such as hydrophobic and m-m attractions,
which are due to the fact that both CNPs and fluoranthene have hydrophobic
nature and contain aromatic rings. The extraction would be, therefore, carried
out by the interplay between the analyte molecules with both the hydrophobic
chains inside the micelles and the surfactant stabilized-nanoparticles. Other
hypothesis would be that the presence of the nanoparticles was found to be
significant or, on the other hand, negligible, to the performance of the cloud
point extraction. This work was mainly focused on the development of an
experimental approach different to the conventional one by optimizing several
key parameters. This allowed us to finally demonstrate the applicability of the
optimized method to the fluoranthene extraction from river water samples.
Needless to say, additional studies must be conducted with a view to further

analytical applications.
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3.1. The effect of ionic strength

The addition of salt to a micellar aqueous solution can modulate the
extraction efficiency of the CPE process inasmuch the water molecules
surrounding the surfactant micelles are preferably attracted by the salt ions and
tend to solvate them, and as a consequence, the number of water molecules that
interact with the micelles in the surfactant-rich phase decreases (this is the
sorting out phenomenon that also applies to other extraction techniques). This
effect leads to a decrease in the volume of the enriched phase and consequently,
an increase in the preconcentration factor.12? Additionally, the inorganic salts
promote the hydrophobic interactions among the surfactant aggregates and
analytes, favoring their extraction from the matrix.5 The effects of salt addition
on the CPT were not taken into account in this work since SDS is neither a
nonionic nor zwitterionic surfactant and thus, a variation in temperature
above/below the CPT is not indispensable for the formation of the two phases.
It is important to point out that previous experiments carried out with
hydrochloric acid as electrolyte were unsuccessful in terms of phase separation.
The influence of ionic strength on the performance of the CPE was then
investigated at different concentrations of NaCl (0.05-0.4 mol L-1) while other
experimental conditions were kept constant. Fig. 2 shows the variation in the
fluorescence signal of fluoranthene depending on the amount of electrolyte
added to the solution. A higher analytical signal corresponding to fluoranthene
was observed as the concentration of NaCl in the solution increased, which may
be explained by the previously mentioned phenomenon. However, the
fluorescence signal of fluoranthene remained practically constant above 0.25

mol L1 of NaCl. Thus, this value of concentration was selected as the optimum.
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Figure 2. The effect of the sodium chloride (NaCl) concentration on the fluorescence
intensity of fluoranthene after carrying out the cloud point procedure under the following
conditions: 90 ug L of fluoranthene, 3 mg mL! of nanodiamonds, 0.6 mol L! of SDS, room
temperature.

3.2. The effect of SDS concentration

The presence of surfactant is an indispensable factor in any cloud point
extraction in order to form two isotropic phases from one aqueous solution.
Additionally, in our case, the surfactant also enabled the stabilization of the
CNPs in the aqueous solution. In this work, SDS was chosen as surfactant taking
as reference existing literature.6 Furthermore, SDS does not significantly
interfere with the fluoranthene fluorescence signal due to the absence of an
aromatic moiety in its structure. The most likely interactions between the
surfactant molecules containing aromatic rings and the CNPs are preferably of
the m—m stacking type. In our study, on the other hand, the interactions between
the SDS molecules and CNPs are expected to be hydrophobic since the graphitic
unit cells adjust well to the methylene units of the SDS hydrocarbon chains.28
However, it has been suggested that the SDS molecules are adsorbed on the
carbon nanotubes in a random way without any preferential arrangement of the

head and tail groups.2®
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The SDS concentration was studied over a much greater range than its
critical micellar concentration (8 mmol L-1) to ensure the presence of micelles in
the solution. Furthermore, the concentration range under investigation was in
accordance with the literature.¢ Fig. 3 depicts the variation in the fluorescence
signal of fluoranthene within the SDS concentration range of 0.1-0.6 mol L-1. An
increase in the extraction with the surfactant concentration would be the
expected trend. However, high SDS concentrations (for a constant
concentration of nanoparticles) led to the formation of progressive multilayers
on the nanoparticles surface. Consequently, the excess of surfactant molecules
present in the solution start interacting (by hydrophobic interactions) with
those linked to the nanoparticles surface. The given interactions favor the
association of the surfactant coated-nanoparticles and as a result, the CNPs tend
to agglomerate reducing, in that way, their contact surface with the analyte
molecules.28 This mechanism could explain the decrease in fluoranthene
extraction above 0.1 mol L1 of SDS, and therefore, this was finally chosen as
optimum surfactant concentration in order to maximize the extraction of

analyte.
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Figure 3. The effect of the sodium dodecyl sulfate (SDS) concentration on the fluorescence
intensity of fluoranthene after carrying out the cloud point procedure under the following
experimental conditions: 90 pug L1 of fluoranthene, 3 mg mL? of nanodiamonds, 0.25
mol L-* of NaCl, room temperature.
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3.3. The effect of incubation temperature

The cloud point temperature (CPT) is a key factor in the formation of two
phases when nonionic or zwitterionic surfactants are used, as in these cases, it
is necessary to heat or cool the micellar aqueous solution above or below the
CPT respectively, to achieve the phase separation. In spite of the fact that an
anionic surfactant was used in this work, the effect of the temperature of the
process on the fluoranthene extraction was studied in the range of 10-60 °C.
The results showed that the analytical signal obtained at room temperature was
quite similar to that obtained at higher temperatures and consequently, all the
experiments were carried out at room temperature. This is a remarkable
advantage for the extraction procedure, since it prevents from the
decomposition and loss of low molecular weight PAHs due to high

temperatures.30

3.4. The effect of incubation times

CPE has been traditionally treated in terms of a two-phase process in
which analytes present in an aqueous solution are solubilized by surfactant
micelles that are concentrated in a smaller volume phase (enriched phase) after
the alteration of the experimental conditions. In this work, the inclusion of the
CNPs as third phase in the cloud point system requires new experimental
variables to be considered. The incubation times were studied at three different
stages of the process. Firstly, the time of interaction between the CNPs and the
surfactant in solution was considered. The purpose of this study was to
optimize the time required to obtain a stable suspension of surfactant
stabilized-nanoparticles. The presence of aggregates leads to a reduced surface
interplay between the nanoparticles and the compounds in solution, and an
increased irreproducibility. Sonication times between 30 and 90 min were

studied. 30 min was finally selected as optimum sonication time since it allowed
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us to obtain surfactant stabilized-nanoparticles, thus maximizing their contact
surface area with the analyte. In a second study, the interplay between the
surfactant micelles, nanoparticles and fluoranthene was investigated in the
range of 10-80 min, although no sonication was used in this stage. 10 min was
enough to carry on with the cloud point procedure. Ultimately, the experimental
conditions must be altered by the addition of a salt (NaCl) in order to induce the
phase separation. Different incubation times after the addition of NaCl were
studied in the range of 60-500 min. The reaction was stopped at 60 min since a
longer reaction time did not increase considerably the quantitative extraction of

fluoranthene.

3.5. The effect of the nanoparticles type and concentration

Different types of CNPs were investigated in order to select the best
conditions for the previously set cloud point extraction. We focused on CNPs
because they have been widely described as sorbents in sample treatment
processes.3l NDs, MWCNTs, MWCNTs,x and NDs—-MWCNTSs were tested as third
phase in the cloud point extraction. The results are depicted in Fig. 4 and
concluded that the NDs were the most effective CNPs in the process. For the
same concentration of CNPs, the number of NDs present in solution is higher
than for the rest of the studied CNPs due to their extremely reduced diameter
(3.2 nm). Consequently, the overall surface area of these nanoparticles available
for interaction with the analyte is greater, and this explains the better
extraction results. Moreover, larger nanoparticles have a greater tendency to
agglomerate in solution, which reduces considerably their ability to interact
with other compounds. The use of NDs also led to the formation of two clearly
defined phases (an aqueous phase, and an enriched phase containing the
micellar aggregates, NDs and analyte) unlike those observed with other CNPs,
thus facilitating the subsequent handling of the surfactant-rich phase previous
to the fluorimetric detection.
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Figure 4. The effect of the type of carbon nanoparticles (CNPs) on the fluorescence
intensity of fluoranthene after carrying out the cloud point procedure under the following
experimental conditions: 90 ug L1 of fluoranthene, 0.1 mol L1 of SDS, 0.25 mol L of Na(l,
room temperature and 0.33 mg mL of different types of carbon nanoparticles

(NDs: nanodiamonds, MWCNTs: multi-walled carbon nanotubes, MWCNTs,x: oxidized
multi-walled carbon nanotubes, NDs-MWCNTs: hybrid nanoparticles).

With regard to the effect of the nanoparticles concentration, it should be
pointed out that previous experiments under optimum conditions but in
absence of NDs resulted failed in the separation into two phases, and
consequently, in the fluoranthene extraction. Therefore these nanoparticles
have become essential for conducting the described extraction procedure. On
the whole, several experiments were conducted using different concentrations
of NDs. Increasing the concentration of nanoparticles in the solution can have
two effects on the analyte extraction from an aqueous matrix. On the one hand,
it increases the surface area available to interact with the analyte but on the
other hand, the agglomeration of the nanoparticles is more likely to occur at
high concentrations, which reduces the availability of interaction places for the
analyte and as a consequence, the extraction is affected adversely. The effect of
the ND concentration on the fluoranthene extraction by the described
procedure was evaluated in the range of 0.5-6 mg mL-1. The results are shown

in Fig. 5 where it can be observed that when the concentration of the NDs
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increases, the fluoranthene extraction also increases and consequently, the
effect of a larger available sorption surface prevails over the problems that arise
from agglomeration. The optimum ND concentration was set at 6 mg mL-! since
this value led to the greatest fluoranthene extraction. Further experiments
carried out at higher concentrations were unsuccessful in the quantitative

extraction of analyte due to problems of agglomeration of nanoparticles.
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Figure 5. The effect of the nanodiamonds (NDs) concentration on the fluorescence
intensity of fluoranthene after carrying out the cloud point procedure under the following
conditions: 90 ug L of fluoranthene, different concentrations of nanodiamonds, 0.1
mol L1 of SDS, 0.25 mol L! of NaCl, room temperature.

3.6. Elution

Acetonitrile, hexane and octane were tested as eluents in order to extract
the analyte from the surfactant-rich phase in which it remains interacting with
both NDs and micellar aggregates. Acetonitrile led to a higher extraction of
analyte from the enriched phase and it was chosen as optimum for all
experiments. Once the eluent was chosen, three different elution volumes (1,
1.5 and 2 mL) were studied. 1.5 mL of acetonitrile provided the best results. In
all cases, 5 min were enough to achieve the elution of fluoranthene from the

enriched phase. A 5 min centrifugation step prior to the fluorescence
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measurements was necessary to remove the nanoparticles that had been

transferred from the surfactant-rich phase into the solvent.

3.7. Analytical performances and applicability to real samples

Under optimum experimental conditions (see Table 2), the relationship
between the response (fluorescence) and the initial analyte concentration was
investigated by determining the amount of fluoranthene at different

concentrations.

Table 2. Optimum experimental conditions for the nanodiamonds assisted-cloud point
extraction.

Variables Optimized value

Ionic strength 0.25 mol L of sodium chloride
Concentration of surfactant 0.1 mol L! of sodium dodecyl sulfate
Concentration and type of nanoparticle 6 mg mL-! of nanodiamonds
Temperature Room temperature

Sonication time nanoparticles- 30

surfactant (min)

Incubation time nanoparticles-surfactant- 10

analyte (min)

Incubation time with the electrolyte (min) 60

Elution 1.5 mL of acetonitrile

The calibration graph using the developed method was linear in the range
of 0.05-0.3 mg L1 of fluoranthene, but it became asymptotic at higher
concentrations. The obtained equation in the lineal range was Y=1.926 x 107X +
138710; R2= 0.9938, where Y is the fluorescence value obtained after the
complete experimental procedure and X is the initial fluoranthene
concentration present in the water samples in mg L. For a constant ND
concentration (also supposing a constant SDS concentration), an increase in the
analyte concentration in solution above the lineal range of the calibration graph

implies a progressive reduction of the availability of the sorption places until
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reaching the total saturation of these places. This mechanism would explain the
change of the linear response into an asymptotic curve above 0.3 mg Lt of
analyte in solution. The limit of detection (LOD) was 0.017 mg L-! while the limit
of quantitation (LOQ) was 0.05 mg L-1. The reproducibility of the complete
experimental procedure was calculated as % relative standard deviation for 4

replicates containing 0.160 mg L-! of fluoranthene and was found to be 4.8 %.

The proposed method was applied to the determination of fluoranthene
in river water samples from the Guadalquivir River (Cérdoba, Spain). Since
there were no real positive samples, it was necessary to spike the samples with
fluoranthene at a concentration of 0.060 mg L-1. Samples were filtered previous
to the extraction. Acceptable results for the RSD (6.6%) and recoveries above

65% were finally obtained by the optimized procedure.

Although it is true that previously published works on the determination
of fluoranthene by cloud point extraction have reported much better LOD
values than those presented here, the experimental procedures in most of these
cases entailed an incubation time of at least 60 min with the application of heat
to observe phase separation. In these studies, incubation times of up to 48 h
have also been described. The obtained RSD values were found to be quite
satisfactory and the recoveries were acceptable. The most remarkable
contribution of the work presented here was that, under the experimental
conditions set (0.1 M SDS, 0.25 M NaCl and room temperature), the presence of
the NDs allowed the formation of two clearly defined phases and therefore the
NDs were found to be essential for the analytical performance. This was
demonstrated when experiments conducted in the absence of these
nanoparticles failed in terms of phase separation. As far as the drawbacks of the
proposed method are concerned, it should be noted that the sensitivity is
limited in comparison to that found for other already described methods 623-
2532 and therefore, this experimental approach would not be recommendable
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for those cases in which severe sensitivity restrictions are required. On the
other hand, no special temperature requirements or excessively long incubation
times are needed what simplify considerably the procedure in comparison to
other described experimental approaches.232526 Going back to the previously
mentioned subject concerning the role of the carbon nanoparticles in assisting
the conventional cloud point technique, this work confirmed finally that the
NDs are essential for the formation of two phases, although no enhanced

extraction efficiencies were observed with respect to the related literature.6

23-25,32

4. CONCLUSION

Nanodiamonds assisted-cloud point extraction followed by a fluorimetric
detection has been applied to the determination of fluoranthene in river water.
The effect of the introduction of nanoparticles as a third phase in the
conventional cloud point scheme applied to the determination of an organic
contaminant has been studied for the first time. In an experimental procedure
carried out at room temperature with SDS as surfactant and NaCl as electrolyte,
it was demonstrated that the presence of the NDs was essential for phase
separation. In comparison to the related literature, the developed method was
less time consuming?32¢6 and without temperature requirements23-25 what
enables its application to cases in which a high sensitivity is not required. The
determination of fluoranthene by the optimized method led to acceptable
recovery values (>65%) and a good RSD (6.6%) for the spiked river water
samples, demonstrating thereby the versatile application of CNPs in sample

treatment processes.
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ABSTRACT

A novel method for the determination of atrazine, using liquid-
liquid extraction assisted by a nanoparticles film formed in situ and
composed of organic solvent stabilized-carbon nanoparticles, is
described. The presence of nanoparticles located at the liquid-liquid
interface reinforced the extraction of analyte from matrix prior to
capillary electrophoresis (CE) analysis. Some influential experimental
variables were optimized in order to enhance the extraction efficiency.
The developed procedure confirmed that carbon nanoparticles, especially
multi-walled carbon nanotubes, are suitable to be used in sample
treatment processes introducing new mechanisms of interaction with the
analyte. The application of the proposed preconcentration method
followed by CE detection enabled the determination of atrazine in spiked
river water providing acceptable RSD values (11.6%) and good recoveries
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(about 87.0-92.0%). Additionally, a similar extraction scheme was tested

in soil matrices with a view to further applications in real soil samples.
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1. INTRODUCTION

The excessive and uncontrolled use of herbicides in agriculture crops
causes the contamination of soils, and due to their persistence and mobility, the
surface and ground waters are also affected by mechanisms such as the leaching

or runoff of these compounds.

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-triazine) is a
herbicide belonging to the triazines family and it is widely used for broadleaf
and grassy weed control. Among its known toxic effects, its estrogenic activity
should be pointed out since this herbicide acts as environmental endocrine
disruptor resulting in high toxicity.! As a consequence, atrazine has been
already determined in different kinds of environmental matrices such as soils,?
groundwater,3 surface waters* and atmosphere.> The analytical techniques
frequently reported in the detection of this herbicide focus on liquid or gas
chromatography optionally coupled with mass spectrometry,®? although to a
lesser extent, capillary electrophoresis,8 immunoassay,® voltammetry® and
spectrophotometry!! among others techniques, have been also used with this
same purpose. In most cases, a preconcentration step prior to analytical
detection is necessary since herbicides are usually found at low concentrations
in waters. Liquid-liquid extraction (LLE),!2 solid-phase extraction (SPE),!3 solid
phase microextraction (SPME),!4 and liquid phase microextraction (LPME)?
have been reported as sample treatment techniques in order to extract atrazine

from different matrices, SPE being the most widely described technique to date.

The use of nanoparticles as components of the extracting phase in liquid
extraction procedures has gained importance. Carbon nanotubes (CNTs) are
considered as excellent sorbents for organic compounds due to their large
adsorption surface and high affinity for these compounds.’> Nanodiamonds

(NDs), carbon nanoparticles with a truncated octahedral architecture, have also
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been extensively investigated because of their high adsorption capacity and
specific surface area, however their applications in sample treatment processes
are still reduced. Their sorption properties make carbon nanoparticles
potentially useful in membrane extraction processes. The limitations of
conventional polymeric membranes used for water purification!6 and gas
separation!’ lie in their low selectivity, permeability, susceptibility to the
obstruction or fouling (what results in a reduced diffusion flux), as well as low
chemical and thermal resistance. The use of CNT-based membranes has
considerably increased in these application fields and offers possibilities to
improve the extraction efficiency by adding new channels to mass transfer.
These membranes consist of CNTs embedded in a polymer matrix, so that the
selectivity and permeability of analytes are improved in comparison to those
for non-modified membranes.1® These membranes have been fabricated using
different polymeric matrices such as polyethersulfone (PES),1° poly(bisphenol
A-co-4-nitrophthalic anhydride-co-1,3-phenylenediamine) (PBNPI),20
polysulfone (PSF)2! or polyamide.?2 This modality of CNT modified-membranes
has already been used to extract toluene and naphthalene from aqueous
matrices,?3 or caffeic acid from herbal extracts.2* In a typical CNT mediated-
membrane extraction, when the two phases come into contact at the pores, the
interactions can take place via rapid solute exchange on the CNTs, thus

accelerating the effective rate of mass transfer and flux.25

We propose here to eliminate the polymeric support of the extraction
membrane and to replace it by a carbon nanoparticles film or interface through
which the analyte molecules diffuse from aqueous phase to organic phase.
Consequently, it was not necessary to fabricate a nanocomposite (nanoparticles
and polymeric matrix) to conduct the extraction procedure. In this study the
potential of different carbon nanoparticles as additional phase in the liquid-
liquid extraction of atrazine was therefore evaluated by the formation in situ of
a film of nanoparticles located at the interface between both donor (aqueous)
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and acceptor (organic) phases. The developed extraction method was applied to
the determination of atrazine in spiked river water samples followed by CE
analysis. Additionally, a similar extraction procedure was proposed and

successfully tested in soil matrices.

2. MATERIALS AND METHODS

2.1. Instrumentation

Capillary electrophoresis was performed on a Beckman Coulter (Palo
Alto, CA, USA) MDQ instrument equipped with an on-column UV detector and a
diode array detector (DAD). The instrumental setup was governed, and data

were acquired and processed by using the software 32 Karat.

2.2.Reagents

Multi-walled carbon nanotubes (MWCNTSs) with diameters between 110-
170 nm and 2 pm long were obtained from Mer (Tucson, AZ, USA). Single-
walled carbon nanotubes (SWCNTs) with diameters lower than 2 nm and
lengths between 5 and 15 pm were provided by Shenzhen Nanotech Port Co.
Ltd (NTP) (China). Nanodiamonds with appearance of grey powder (NDs)
(>98%; 3.2 nm average particle size) and oleophilic nanodiamonds (NDo) (>55-

75%; 4-15 nm average particle size) were all supplied by NaBond (China).

Sodium hydrogen phosphate, acetonitrile and ethanol were supplied by
Panreac (Barcelona, Spain). Sodium dodecyl sulfate (SDS) and ethylacetate
anhydrous (99.8%) were obtained from Sigma-Aldrich (Madrid, Spain).
Atrazine (2-chloro-4-ethylamine-6-isopropylamino-s-triazine) was selected as

target analyte and was purchased from Sigma-Aldrich (Madrid, Spain).
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Stock standard solutions (1000 mg Lt and 100 mg L-1) were prepared in

methanol and stored at 4 °C.

2.3. Electrophoretic conditions

CE separations were accomplished by using an uncoated fused-silica
capillary of 75 um ID with effective length between the inlet and detector being
50 cm (total length of 60.2 cm). The electrophoretic buffer was composed of
10 mM sodium hydrogen phosphate, 20 mM SDS and 4% acetonitrile at pH 9.0.
The capillary cartridge and samples were kept at 20 °C throughout the process.
Samples were injected in the hydrodynamic mode at 0.5 psi for 10 s. Tests were
carried out in the positive polarity mode, using a detection wavelength of 222
nm and a constant voltage of 15 kV. For the initial conditioning of the capillary,
this was sequentially rinsed with 1M HCI, purified water, 0.1 M NaOH and
purified water for 5 min each, and finally with running buffer for 15 min.
Between runs, the capillary was flushed sequentially at 20 psi with 0.1 M NaOH
(2 min), purified water (2 min) and electrophoretic buffer (2 min). All

electrophoretic conditions were taken from the existing literature.26

2.4. Extraction procedure for water samples

Fig. 1 summarizes the experimental scheme carried out for water
samples. The carbon nanoparticles interface was first prepared by mixing in a
mortar 5 mg of carbon nanoparticles with 1 mL of ethylacetate up to
homogeneity. 20 mL of spiked river water were placed in a 50 mL separatory
funnel and then, the carbon nanoparticles phase was added. Subsequently,
another 3 mL of ethylacetate were added to the funnel, and this was manually
shaken for one minute. A 15 min rest time was enough to clearly distinguish the
two immiscible phases: an upper organic phase and a lower aqueous phase,
separated from each other by an ethylacetate stabilized-carbon nanoparticles
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film. Later, the upper organic phase was transferred with a Pasteur pipette into
a glass tube and centrifuged at 4000 rpm for 5 min in order to remove those
nanoparticles that could have been taken together with the upper phase.
Subsequently, 1.4 mL of ethylacetate was transferred into a 4 mL glass vial and
dried under a flow of nitrogen at room temperature. The transferred
ethylacetate volume remained constant in all experiments. This was finally
reconstituted in 100 pL of 2:8 v/v ethanol:Milli-Q water (Millipore, Bedford, MA,
USA) prior to CE analysis.

1
20 mL spiked water H
1 5mg 1mL
I MWCNTs ethylacetate

1
1
1
1
i
l< _____ _l :
1 I 1

1 1

+ 3 mL ethylacetate E @ :
1

1 L e e ;

. Carbon nanoparticles
manually shaking interface

15mintime

Organicphase

Centrifugation
4,000 rpm 5 min

l

1AML ey Dried- _>Reconstitution in 3

evaporated 2:8 ethanol:water

Figure 1. Schematic of the experimental procedure developed for aqueous matrices.

2.5. Extraction procedure for soil matrices

Fig. 2 shows the experimental procedure followed for soil matrices. 200
mg of soil sample were placed in a centrifuge tube, and then, 3 mL of water was

added. The sample was necessarily spiked, because of the lack of positive
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samples, by the addition of a standard of atrazine in methanol. This type of
spiking was taken from existing literature.2’.28 The mixture was manually
shaken and left in contact for 20 min to favor the interaction between analyte
and matrix. Meanwhile, the carbon nanoparticles interface was prepared by
mixing in a mortar 2 mg of nanoparticles with 1 mL of ethylacetate up to
homogeneity. Subsequently, the interface was added to the centrifuge tube (that
contains soil suspension) and then the mixture was manually shaken for one
minute. The carbon nanoparticles interface was left in contact with the soil
suspension for 60 min before transferring the supernatant into a clean glass
vial. Then, another 1 mL of ethylacetate was added to the suspension and this
was again manually shaken for one minute. After 15 min, the supernatants were
combined. Finally, the resulting supernatant was dried under a flow of nitrogen
at room temperature into a 4 mL glass vial, and then reconstituted in 100 pL of

2:8 v/v ethanol:Milli-Q water (Millipore, Bedford, MA, USA) prior to CE analysis.

200 mgsoil + 3 mL water
spiking
20 min time manually shaking

1
........................ i 2mg 1mL
| MWCNTs ethylacetate

/\ Carbon nanoparticles
interface
SO"SUSpenSiOn 1°supernatant

+1mL ethylacetate

Combined

Dried- Reconstitution in
supernatants, —

- evaporated 2:8 ethanol:water >
manually shaking

15 mintime

soil suspension

Figure 2. Schematic of the experimental procedure developed for soil matrices.

2°supernatant
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2.6. Determination in environmental samples

River water samples were collected from the Guadalquivir River
(Cordoba, Spain). Because there were no real positive samples, these were
necessarily spiked with a standard of atrazine in methanol, and carefully
homogenized before extraction. A 20 mL aliquot was subjected to the
previously described experimental procedure. Some preliminary studies were
carried out in agricultural soil reference materials (Barcelona University) with a

view of future applications in real samples.

3. RESULTS AND DISCUSSION

In this paper, the potential of different carbon nanoparticles (CNPs) as
additional extracting phase for assisting the classic liquid-liquid extraction was
studied. A CNPs interface was formed in situ and located between the aqueous
and organic phases in such a way that both immiscible phases come into contact
at the CNP film. The basis is similar to the CNPs mediated-membrane extraction,
but with the difference that here any polymeric matrix is used to support
nanoparticles, and consequently, these do not need to be functionalized to
improve their adhesion to the membrane. It is described?3 that the inclusion of
CNPs in the liquid-liquid system modifies the analyte transport from the
aqueous phase to organic phase accelerating the flux rate. A higher flux of
analyte can be achieved by increasing the effective surface area and partition
coefficients, and also by reducing the membrane thickness. These conditions
may be achieved by the inclusion of a thin nanoparticles film in the liquid-liquid

interface.

Nanoparticles act as nano-scale carriers and solid-phase extractants that
interact with analyte molecules and transfer them from donor to acceptor

phases by consecutive adsorption-desorption mechanisms. The sorption sites
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on CNPs are easily accessible since these nanoparticles are not embedded into a
membrane, so that more specific surface area is available to interact with the
analyte. In general, the mechanism of solute transfer involves both liquid- and
solid-phase extractions since there are two extractants in the system, the
organic phase and CNPs. The global effect is to increase the solute partition

coefficient and its permeability.23

In order to obtain high extraction efficiency, parameters such as the
evaporation method, the organic phase volume, and the type and concentration
of CNPs, were optimized using aqueous standards spiked at a concentration of

5 mg L-L. Peak area at 222 nm was selected for the quantification in all cases.

3.1. Effect of the evaporation method on the analytical performance

Once the organic phase is separated by centrifugation, 1.4 mL of this is
transferred into a vial for its evaporation and posterior reconstitution in 100 pL
of 2:8 v/v ethanol:Milli-Q water prior to CE analysis. The evaporation procedure
was studied by two different approaches in order to achieve a greater process
efficiency. The results of analysis of atrazine standards prepared in ethylacetate
(at 20 mg L-1), evaporated and reconstituted in 100 pL of 2:8 ethanol:Milli-Q
water, were compared to those obtained from directly measuring atrazine
standards prepared in 2:8 ethanol:Milli-Q water at the same concentration. On
the first approach, standards were evaporated into a 4 mL vial until about a 0.2
mL volume left, and then this was transferred into a CE minivial and evaporated
to dryness. The reconstitution in 100 pL of 2:8 v/v ethanol:Milli-Q water and
the posterior injection in CE was carried out in that same minivial. In a second
approach, standards were evaporated to dryness in a 4 mL vial and then
reconstituted and transferred into a minivial prior to CE analysis. The
performance of evaporation and reconstitution steps was calculated by the ratio
between, the analytical signal obtained in procedures in which standards were
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evaporated, and that obtained for standards measured directly. The second
approach allowed us to obtain a higher analytical signal reducing the loss of
analyte in the evaporation and reconstitution stages. And it is that when
evaporation occurs, a portion of the analyte can remain on the walls of the vial,
what consequently leads to the loss of analyte whether an ideal reconstitution is
not achieved later. If one takes into account that for the first approach the
complete evaporation stage took place in two different vials, and for the second
approach it occurred in only one vial, it is logical to conclude that the loss of
analyte during the complete evaporation process was lower for the second
approach. Additionally, the reproducibility of this evaporation method was
calculated and it resulted to be 3.6% (n=4). Consequently, this second approach

was selected as optimum to conduct the rest of experiments.

3.2. Extraction time

The extraction time is a key parameter because it influences the partition
of the analyte between the donor and acceptor phases. The interface consisted
of a porous layer through which the analyte was transported by diffusion
through pores and the surface of CNPs. Therefore, the porosity of these
nanoparticles should strongly affect the extraction dynamics. Nanometer-sized
pores might lead to a longer equilibrium time for the extraction of atrazine,
compared to the conventional liquid-liquid membrane extraction. Although a
maximum sensitivity is achieved under equilibrium conditions, it is not
necessary for routine analyses to reach equilibrium as long as the extraction
time is kept constant.24 Taking into account these considerations, 15 min was
chosen as extraction time for all experiments based on a balance between a

good sensitivity and analysis speed.
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3.3. Optimization of the type of CNPs

Different types of CNPs were investigated in order to select the most
appropriate for the proposed extraction method. We focused on CNPs because
they have been widely described as sorbents of organic compounds such as
triazines.2930 Single- (SWCNTs) and multi-walled carbon nanotubes (MWCNTSs),
and two different kinds of nanodiamonds (NDs and ND,), were tested as
components of the film or interface to perform the extraction. Control
experiments without CNPs were taken as reference. The results are shown in
Fig. 3, and concluded that MWCNTs were optimum in order to achieve a higher
extraction of atrazine. The procedure carried out in the presence of
nanodiamonds (both studied types) resulted longer and tedious because these
nanoparticles remained in suspension and did not form a clear film at the
liquid-liquid interface, what dragged out the extraction until the two
immiscible phases were clearly distinguished. In this case, no additional
centrifugation step was included in order not to alter the experimental
conditions with respect to those used in the procedures for the rest of the
studied nanoparticles. In the absence of nanoparticles, the extraction efficiency
was inferior to that found for the experiments with nanoparticles, which
confirms that CNPs provide additional avenues for solute transport from donor
to acceptor phases, and reinforce the extraction by a combination of liquid- and
solid-phase extractions. Higher analytical signals were obtained for MWCNTSs
and SWCNTs, being slightly superior for MWCNTSs, so that this type of CNPs was

finally chosen as optimum to perform the experimental procedure.
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Figure 3. Effect of type of CNPs on the method performance. Conditions: analyte
concentration, 5 mg L, film, 2 mg of different CNPs and 1 mL of ethylacetate; aqueous
phase volume, 20 mL; total organic phase volume, 4 mL; extraction time, 15 min.

3.4. Optimization of MWCNTSs concentration

The influence of concentration of CNPs on the extraction capacity of
atrazine was studied by experiments in which the film was prepared by mixing
different amounts of MWCNTs with 1 mL of ethylacetate. The rest of
experimental conditions such as volume of aqueous phase (20 mL), total
volume of ethylacetate (4 mL), and type of CNPs (MWCNTSs), remained always
constant. Fig. 4 shows that the analytical signal varies depending on the amount
of MWCNTs used to prepare the film. This amount is expressed as the
concentration of MWCNTSs in aqueous phase volume (mg MWCNTSs per mL of
water). An increase in the extraction up to 0.25 mg mL! can be observed.
Higher concentrations resulted in worse extraction efficiencies since CNPs
tended to form a denser layer, decreasing pore size and, therefore, reducing the
permeability of analyte. Consequently, 0.25 mg mL-1 was the selected MWCNTs

concentration.
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Figure 4. Effect of MWCNTs concentration on the method performance. Conditions:
analyte concentration, 5 mg L; film, different amounts of MWCNTs and 1 mL of
ethylacetate; aqueous phase volume, 20 mL; total organic phase volume, 4 mL; extraction
time, 15 min.

3.5. Optimization of organic phase volume

Ethylacetate was chosen as extracting organic phase taking as reference
the existing literature about adsorption of atrazine on CNPs.29 In this study, the
optimum volume of the organic solvent was also investigated. To this end,
atrazine was extracted with different volumes of ethylacetate (2, 4, 6, and 10
mL) for a constant volume of aqueous phase. In all cases, the added MWCNTSs
interface was composed of 1 mL of ethylacetate which was also taken into
account in the total volume of ethylacetate used. Fig. 5 represents the variation
of the analytical signal depending on the organic phase volume as well as the
enrichment factors calculated for each one of the conditions. It is clear that by
increasing the volume of the extraction solvent, recovery also increases, and
this is what occurs from 2 to 4 mL of ethylacetate. However, at higher organic
phase volumes the enrichment factor (EF) decreases and as a consequence, the
analytical signal. For this reason, 4 mL of ethylacetate, from which 1 mL was

used to prepare the CNPs film, was selected as optimum organic phase volume.
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Figure 5. Effect of ethylacetate volume on the method performance. Conditions: analyte
concentration, 5 mg-L; film, 5 mg of MWCNTs and 1 mL of ethylacetate; aqueous phase
volume, 20 mL; extraction time, 15 min. EF: enhancement factors obtained for each
volume studied.

3.6. Applicability in environmental samples

Most studies were developed in water samples although some proofs
were additionally carried out in soil matrices with the objective of testing the

versatility of the MWCNTs interface for other environmental matrices.

3.6.1. Study of interferences in river water

The interferences of river water with the analytical signal were
considered in this work. To this end, 1 mL of both river water sample and
ethylacetate were manually shaken for 1 min. Once two immiscible phases were
clearly distinguished, the organic phase was transferred into a 4 mL glass vial,
evaporated to dryness, and reconstituted in 100 pL of 20 mg L atrazine
standard in 2:8 ethanol:water prior to CE analysis. In this case, the added
atrazine interacts with the possible interferences from the matrix that have
been previously extracted with ethylacetate. The results were compared to

those obtained when standards of atrazine in ethylacetate (at the same
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concentration) were evaporated to dryness and reconstituted in 100 uL of 2:8
ethanol:water. For this last case, no river water matrix interferences were
present. Neither the atrazine quantitative extraction nor the baseline noise of
electropherograms was negatively affected by the interferences present in river
water, and consequently, no river water sample pretreatment was required

before the extraction procedure for removing the interferences present.

3.6.2. Analytical performances of proposed methods for water and

soil.

Table 1 summarizes the analytical figures of merit of the proposed
methods applied to both aqueous and soil matrices. Under optimum
experimental conditions, the relationship between the analytical signal
(absorbance) and initial concentration of analyte in aqueous standards was
investigated by determining atrazine at different concentrations (1-50 mg L-1).
The reproducibility of the complete experimental procedure was calculated as
the percentage of relative standard deviation for 3 replicates containing

5 mg Lt of atrazine, and it resulted to be 9.0%.

Table 1. Analytical performances of the proposed methods in different environmental
matrices.

CNP«

. Matrix Linear equation Rzb LOD ¢ LOQ“
involved

MWCNTs  water Y=42401X + 434751 0.9813 0.5 1
MWCNTs soil Y=35913X + 33460 0.9686 0.2 0.5

a CNP: Carbon nanoparticle;, MWCNTs: multi-walled carbon nanotubes. b R2: correlation
coefficient for five (aqueous samples) or six (soil samples) standards. ¢ LOD: Limit of
detection in mg L-1, which is the analyte concentration which produces a signal that can be
statistically distinguished from the blank signal. ¢ LOQ: Limit of quantification in mg L,
which is the analyte concentration which produces a signal than can be considered the
lower limit of the linear range of the calibration curve.
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The proposed method was applied to the determination of atrazine in
river water samples from the Guadalquivir River (Cérdoba, Spain). Since there
were no positive real samples, these were spiked at 5 mg L-1. Water samples
were not subjected to a filtration stage prior to the extraction method. The
recoveries were calculated by the ratio between the analytical signals obtained
carrying out the procedure in aqueous standards, and those obtained by the
procedure applied to river water samples, both spiked at the same
concentration. Acceptable results of RSD (11.6%, n=3) and relative recoveries
about 87.0-92.0% were finally obtained. Fig. 6 shows the electropherograms
obtained for a blank and a river water sample spiked at 5 mg L-1 both subjected

to the experimental procedure proposed for water samples.

—spiked river water sample —river water blank
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Figure 6. Electropherograms obtained for a river water blank and sample spiked at
5 mg L both subjected to the experimental method described for water samples.

Preliminary studies using a MWCNT interface were conducted on
agricultural soil reference materials spiked at different concentrations of
atrazine (0.5-19.6 mg L), and they led to acceptable results of extraction
taking into account the presence of matrix interferences. Fig. 7 shows the
electropherograms obtained for a blank and a sample spiked at 1 mg L1, both

subjected to the experimental procedure proposed for soil samples. The
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complete experimental procedure was carried out without eliminating the soil
matrix, although posterior studies about matrix interferences revealed that
these were significant. However, good analytical signals were achieved under
these conditions. The main aim of this last study was to confirm the versatility
of the proposed MWCNTs interface for the extraction of atrazine from different
environmental matrices. Obviously, it would be undeniable that, for future
applications in real soil samples, the extraction efficiency was maximized by
including a prior matrix separation stage and the optimization of all influential

variables.
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Figure 7. Electropherograms obtained for a soil blank and soil sample spiked at 1 mg L1
both subjected to the experimental method described for soil matrices.

Most published research studies on extraction and determination of
atrazine from environmental samples use chromatography as instrumental
technique,1431-33 although to a lesser extent capillary electrophoresis has also
been used with this same purpose.3435 While the results presented here show a
limit of detection superior to those found in related literature,3435 and low
enhancement factors, the recovery values are completely in accordance with
those reported in other studies.3> Regarding the extraction time, this is

relatively short for water samples (being inferior to 30 minutes), but longer for
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soil samples, nevertheless, in most cases our extraction times are comparable or
inferior to others already described.313¢ The novelty of the proposed method is
not therefore an enhanced sensitivity with respect to the published literature
but the use of a CNPs interface to reinforce the extraction in a conventional

liquid-liquid system.

4. CONCLUSION

The use of CNPs as third solid phase in the classic liquid-liquid extraction
opens up new possibilities to increase the efficiency of matter transfer between
the two immiscible phases. The nanoparticles formed in situ a film at the
interface, and acted as carriers of the analyte from one phase to another. Their
peculiar chemical and physical properties increased the extraction on one hand,
and added solid-phase extraction mechanisms on the other. Among the CNPs
studied, MWCNTs were the most adequate to perform the proposed extraction
procedure. In order to demonstrate the usefulness of the experimental
approach, atrazine was selected as target analyte, and river water and
agricultural soil were tested as environmental matrices. The obtained results
using the proposed interface were quite satisfactory. No doubt this is a
promising avenue to improve the conventional liquid-liquid extraction
although, needless to say that complementary studies should be made with a

view to future applications.
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ABSTRACT

This paper deals the ability of different types of carbon nanotubes to
adsorb salicylic acid in river water samples. The use of these
nanoparticles as sorbent in a SPE procedure prior to CE analysis is
essential for improving the enrichment factor and the recovery values.
Several experimental variables were optimized in order to maximize the
extraction efficiency. The proposed analytical method is simple, short
time-consuming, and entails low solvent consumption. Furthermore,
salicylic acid could be extracted from river water providing good recovery
values in the range from 76.2% to 102.0% (RSD<8.2%). The combination
of, the specific chemical properties of analyte, and the wunique
physicochemical features of carbon nanotubes, sheds new light on the use
of these nanoparticles as excellent sorbent materials of pharmaceutical

compounds in environmental matrices.
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1. INTRODUCTION

Pharmaceutical compounds are a class of emerging pollutants widely
used throughout the world and as a consequence, are being continually released
into the environment through excreta, or disposal of unused or expired
products [1]. Most of them are not entirely eliminated from wastewater
treatment plants due to their polarity and high stability [2]. This involves that
both parent compounds and their metabolites may finally come into contact
with surface waters and therefore, their environmental monitoring has aroused
much attention. For this purpose, chromatographic separation followed by
mass spectrometric detection seems to be the most popular choice [3-7].
Nevertheless, this instrumentation is very expensive, requires trained
personnel, and is not available in all laboratories. Besides, while GC has
drawbacks related to the analyte loss during the derivatization process and the
background noise, LC presents problems due to the occurrence of matrix effects
[6]. On the other hand, there are many compounds that can potentially be
assayed by CE, being this a less complex and expensive alternative to
chromatographic techniques, but also appropriate for analysis of
pharmaceuticals in water samples when no severe sensitivity restrictions are

required [8-11].

Nonsteroidal anti-inflammatory drugs are some of the most commonly
detected pharmaceuticals [9,12]. Salicylic acid (SA) belongs to this family of
compounds and is produced by degradation of acetylsalicylic acid [11]. Several
analytical methodologies based on GC or LC coupled to MS have been reported
for determining SA in different samples [3,5,13,14], however CE has been also
used for this same purpose taking advantage of the ionic nature of this

compound [8-10,15,16].
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Pharmaceutical residues are usually present at low concentrations in the
environment and consequently, their determination requires an enrichment
step prior to detection. To this end, different commercial SPE sorbents have
been employed including Strata-X, €8, C18, Oasis HLB or Lichrolut EN [1,3,5,17].
The unusual physicochemical properties of carbon nanotubes (CNTs) make
them to be promising materials in many analytical applications [13]. In this
regard, CNTs have been extensively employed as SPE sorbents thanks to their
high specific surface area and excellent ability for sorption of organic
compounds [13,18-21]. However, despite their extraordinary features,
nanoparticles has been scarcely exploited for extracting pharmaceutical

compounds from environmental samples [22,23].

In this work, a simple and low-cost analytical method for determining SA
in river water by using CNTs as SPE sorbent is proposed. Three types of CNTs
were compared in terms of their ability for sorption of SA in samples. SA was
selected as target analyte since it is considered as an emerging pollutant and
one of the most studied pharmaceutical compounds in the aquatic environment
according to related literature [3,5,6,17]. The proposed analytical method
involved an initial preconcentration step using CNTs as sorbent material prior
to CE-UV analysis. Several experimental variables were optimized and lastly,
the developed analytical procedure was applied to the determination of SA in

river water.

2. MATERIALS AND METHODS

2.1. Chemicals and reagents

All chemicals were of analytical reagent-grade. Sodium tetraborate
decahydrate (99.5-105.0%) was used to prepare the electrophoretic buffer and
was purchased from Sigma-Aldrich (Madrid, Spain). SA (2-hydroxybenzoic acid)
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was selected as target analyte and was also obtained from Sigma-Aldrich
(Madrid, Spain). Sodium hydroxide pellets (98.0%; PA-ACS-ISO) and
hydrochloric acid (37.0%; HPLC-grade) were supplied by Panreac (Barcelona,
Spain), and were employed for adjusting the pH of electrophoretic buffer and
samples, respectively. Methanol (299.9%; HPLC-PLUS gradient) and acetone
(99.9%; PAI-ACS) solvents were provided by Carlo Erba reagents (Barcelona,

Spain) and Panreac, respectively.

Different types of commercially available CNTs were evaluated as
sorbents in this work. Multi-walled CNTs (MWCNTSs) of 9.5 nm diameter and 1.5
um length were obtained from Nanocyl (Belgium) (MWCNTs-nanocyl).
MWCNTs with diameters between 5 and 20 nm and lengths between 1 and 10
um were provided by Bayer (Germany) (MWCNTs-bayer). Single-walled CNTs
(SWCNTSs) with lower diameters than 2 nm and lengths between 5 and 15 um

were purchased from Shenzhen Nanotech Port (China).

Stock solutions of SA (1000 mg/L) were prepared in solvent and
preserved at 4 °C. Working solutions were made by diluting the stock solution
in deionized water (18 MQ) from a Milli-Q water purified system (Millipore,
Bedford, MA, USA).

River water samples were collected from the Guadalquivir River
(Cérdoba, Spain), filtered through 0.45 pum nylon filters, and adjusted to pH 2.0
prior to extraction.

2.2. Instrumentation

CE analysis was performed on a Beckman Coulter (Palo Alto, CA, USA)

MDQ instrument equipped with an on-column UV detector and diode array
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detector. The instrumental setup was governed, and data acquired and

processed by using the software 32 Karat.

2.3. Preparation of CNTs cartridges and SPE procedure

Fifteen milligrams of CNTs were packed inside 1 mL empty polypropylene
SPE cartridges (Supelco, Madrid, Spain). Polypropylene upper and lower frits
were retained at each end of the column to hold the nanoparticles packing in
place. The cartridge was not conditioned prior to extraction. Then, the sample
solution containing SA (10 mL at pH 2.0) was passed through the cartridge at a
flow rate of 0.19 mL/min. All samples were previously adjusted at pH 2.0 with
0.1 M HCL After loading the sample, the cartridge was dried by passing air
through it, and the analyte retained was finally eluted with 1 mL of acetone (at a
flow rate around 0.12 mL/min). The extract obtained was directly injected into

CE system.

2.4. CE operation conditions

CE separations were accomplished by using an uncoated fused-silica
capillary 75 pm id from Beckman (Fullerton, CA, USA) with an effective length
between inlet and detector of 50 cm (60.2 cm total length). The electrophoretic
buffer was composed of 13 mM sodium tetraborate adjusted at pH 9.6 with 1 M
NaOH [9]. The capillary cartridge and samples were kept at 22 °C throughout.
Samples were injected in hydrodynamic mode under a pressure of 0.5 psi for 10
s. Tests were carried out in the positive polarity mode, using a detection
wavelength of 200 nm, a constant voltage of 20 kV, and over imposed pressure
of 50 psi in both vials in order to prevent the current from being interrupted
due to the evaporation of the organic solvent in samples. The current was
around 40 pA in all analyses. For the initial conditioning of the capillary, it was

rinsed with 0.1 M NaOH (5 min), deionized water (5 min) and running buffer (5
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min). For conditioning between analyses, flushing with running buffer for 5 min

was sufficient. All conditioning steps were performed at 20 psi.

3. RESULTS AND DISCUSSION

The steps involved in the optimization of SPE procedure are presented in
Fig. 1. All optimization experiments were conducted using aliquots of deionized
water spiked with 5 mg/L of SA. Sample volume and pH, type and amount of
CNTs, sample flow rate, and elution conditions, were investigated in this work.
The analytical signal taken for quantifying was peak area at 200 nm. All
experiments were performed in triplicate, and average analytical signals as well

as standard deviations were used to plot the graphs.

steps

: 5) Sample flow 3) Type of
rate sorbent

4) Amount of
sorbent

Figure 1. Diagram illustrating the steps of optimization of the SPE procedure.

3.1. Optimization of sample volume

The optimum sample loading volume was investigated by extracting SA

from aqueous solutions with different volumes ranging from 5 to 20 mL. All
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samples were spiked with SA at a concentration of 5 mg L1, and then subjected
to the extraction procedure involving the use of 5 mg of CNTs as sorbent. As can
be seen in Fig. 2, the analytical signal remained practically constant between 5-
10 mL. Larger volumes (15 mL and 20 mL) led to moderately greater analytical
signals but entailing a worse reproducibility and longer extraction times.
Similar results were obtained from 15 mL on, suggesting that the sorbent
reached its maximum loading capacity then. This term could be defined as the
maximum amount of SA (mg) that can be adsorbed per mg of CNTs. The
maximum loading capacity was 0.015 mg SA/mg of CNTs, calculated by the ratio
between the amount of SA present in 15 mL samples and the amount of sorbent
used for extraction (5 mg). Under the studied conditions, the breakthrough
volume was not achieved since no decreases in the extraction efficiency of SA
were observed for increasing sample volumes. Ultimately, 10 mL was chosen
for all subsequent analyses as a compromise to achieve a high sensitivity, good

reproducibility and short time of analysis.

120000 -
100000 -
80000 -
60000 -
40000 -
20000 ~

O T T T T 1
0 5 10 15 20 25

Samplevolume (mL)

peak area

Figure 2. Effect of sample volume on the analytical signal. Concentration of SA, 5 mg/L;
different sample volumes; sample pH, 2.0; sample flow rate, 0.19 mL/min; sorbent, 5 mg of
CNTs; elution conditions, 1 mL of methanol.
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3.2. Optimization of sample pH

Sample pH plays an important role in the SPE procedure given that it
determines the state of the analyte as ionic or molecular form and
consequently, affects its different degree of interaction with CNTs and the
extraction efficiency. Assuming a pK, value of 3 for SA [14], the studied pH
values were: 2.0, 3.7 and 9.9, in order to cover the mostly protonated or
partially/completely deprotonated species of this analyte. Neutral pH was not
considered in this study since some available literature reported low recoveries
of SA upon those extraction conditions [4,5,24-26]. Results revealed a notable
decrease in analytical signal when the solution pH was increased from 2.0 to
3.7. Similar results were obtained at pH 3.7 and 9.9. Data confirmed that the
mostly protonated specie (at pH 2.0) interacts with CNTs to a greater extent
than the partially (pH 3.7) or completely (pH 9.9) deprotonated species of SA.
The results suggest thereby that the interplay between SA and CNTs is mostly
governed by m-m stacking interactions between aromatic structures and not by
electrostatic forces. Finally, pH 2.0 was selected as optimum sample pH for

conducting the extraction.

3.3. Optimization of type of CNTs

Different types of commercial CNTs were tested in order to select the
most suitable for the extraction. We focused on CNTs because of these
nanoparticles have been widely described as sorbents in sample treatment
processes [13]. SWCNTs, MWCNTs-nanocyl and MWCNTSs-bayer were tested as

sorbents packed in SPE cartridges. The results are presented in Fig. 3.
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Figure 3. Effect of the type of CNTs on the analytical signal. Concentration of SA, 5 mg/L;
sample volume, 10 mL; sample pH, 2.0; sample flow rate, 0.19 mL/min; sorbent, 15 mg of
different CNTs; Elution conditions, 1 mL of methanol.

As can be observed, higher extraction efficiencies were achieved using
MWCNTs-nanocyl for favoring an enhanced interaction with SA. Consequently,

these nanoparticles were selected as optimum.

Only slight differences in extraction efficiencies between MWCNTs-
nanocyl and SWCNTs were found. This fact confirms that, despite that the
interactions between analyte and sorbent were mainly governed by m-m
stacking, not always the higher number of graphene layers determines a greater
sorbent capacity for MWCNTSs respects to SWCNTSs. Furthermore, due to their
less size, the number of SWCNTs present in the cartridge in comparison to
MWCNTs will be higher considering a fixed mass of sorbent. The higher number
of nanometer-sized particles into the cartridge entails that a greater density of
intersticial pores is available for the flow of aqueous sample and as a
consequence, the potential interaction of SA with the surface of CNTs is
promoted. Moreover, the surface area to volume ratio of nanoparticles is
increased with the number of particles present, and this provides a larger

surface area of nanoparticles available for adsorbing the analyte molecules. The
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combination of both determining factors (number of graphene layers and
number of particles in cartridge) defined finally a similar extraction behavior

for SWCNTs and MWCNTSs-nanocyl.

On the other hand, meaningful differences were reported using two
different types of MWCNTs. This could be warranted given their different
specific surface area that is defined by their diameter and number of graphene
layers. Nanoparticles with a larger specific surface area would exhibit a greater
potential for interacting with SA and therefore, a greater extraction efficiency.
Additionally, different residual groups on surface of MWCNTs arising from the
synthesis process may affect their degree of interaction with SA and thus, their

different extraction behavior.

3.4. Optimization of amount of CNTs

The influence of amount of MWCNTs-nanocyl on the extraction efficiency
of SA was evaluated by performing experiments with different amounts of
MWCNTs-nanocyl packed in cartridge (2-25 mg). As can be observed in Fig. 4,
the analytical signal was strongly dependent on the amount of MWCNTs-
nanocyl packed in SPE cartridge. Peak areas were decreased for MWCNTs-
nanocyl less than 10 mg due to a lower adsorption of SA, and were also
decreased above 15 mg of MWCNTs-nanocyl, which seems to be as a result of
incomplete desorption of analyte from surface of nanoparticles. Amounts of 10
and 15 mg led to very similar responses although 15 mg provided more
reproducible results. Finally, 15 mg of MWCNTs-nanocyl was selected as

optimum sorbent amount for experiments.
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Figure 4. Effect of the amount of MWCNTs-nanocyl on the analytical signal
Concentration of SA, 5 mg/L; sample volume, 10 mL; sample pH, 2.0; sample flow rate,
0.19 mL/min; sorbent, different amounts of MWCNTs-nanocyl; elution conditions, 1 mL of
methanol.

3.5. Optimization of sample flow rate

The sample loading onto SPE cartridge was automated using a peristaltic
pump. With the purpose of optimizing this variable, samples were passed
through prepared SPE cartridges at different flow rates: 0.19, 0.41 and 0.73
mL/min. The results demonstrated that the lower flow rate resulted in the
greatest analytical signal by favouring a longer contact time between analyte
and sorbent. Higher flow rates did not provide improved analytical signals, thus,

0.19 mL/min was chosen as optimum sample flow rate.

3.6. Optimization of elution conditions

An important aspect of SPE optimization is the choice of a suitable solvent
for analyte elution; in this work, methanol, acetone and pH 10.0 deionized
water were tested for this purpose taking as reference published research
[1,5,9,17]. In all cases, 1 mL of solvent was passed through the cartridge by

gravity (flow rate around 0.12 mL/min). As in scientific literature related [17],
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acetone proved to be the best solvent for eluting the analyte from sorbent.
Further experiments passing consecutive acetone volumes (in 1 mL-steps)
through cartridge revealed that around 85% of SA was eluted with the first
milliliter of acetone, indicating an almost complete elution and consequently, no
higher solvent volumes were employed here. Finally, the elution step was

carried out with 1 mL of acetone.

3.7. Matrix effect and Analytical figures of merit

The matrix effect, expressed as the ratio of the analyte signal in matrix to
the analyte signal in solvent, was tested at a concentration of 5 mg/L. The
analytical signal was not significantly affected by the presence of matrix
constituents, as the signal change, in our case enhancement, was less than 11%.
Consequently, it was not necessary to use matrix-matched standards to
construct the calibration curve. Besides, no interfering components were
observed in electropherograms at the same migration time of SA and thereby,

the analytical signal measured was not influenced by other substances.

The linearity of the method was then studied using deionized water
standards, spiked at increasing concentrations of SA (1-15 mg/L), and subjected
to the optimized extraction method (Table 1). A linear response (Y = 51,394
X+18293; R2 = 0.9959) was obtained in the range 2-10 mg/L by plotting the
peak area (absorbance at 200 nm) versus spiked analyte concentration. The
enrichment factors calculated as the ratio between the analyte concentration
found in the solvent extract and the initial concentration in aqueous standards
were between 10 and 12. The LOD was 0.5 mg/L while the LOQ was 1.7 mg/L

(calculated as three and ten times, respectively, the S, value between the scope).
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Table 1. Experimental conditions of the proposed SPE-CE method.

Variable Studied values Optimum value
Sample volume (mL) 5,10, 15, 20 10
Sample pH 2.0,3.7,9.9 2.0
MWCNTSs-nanocyl,
MWCNTSs- 1
Type of sorbent MW(CNTs-bayer, SWCNTs S-Hanocy
Amount of sorbent (mg) 2,5,10, 15, 25 15
S le fl t
armple Tow rate 0.19,0.41, 0.73 0.19
(mL/min)
Methanol, acetone,
Elution solvent deionized water acetone
atpH 10.0

The optimized method was lastly applied to the determination of SA in
river water samples collected from the Guadalquivir River (Cérdoba, Spain).
Blank analyses (unspiked samples) were performed and the content of SA
found resulted to be below the LOD. As a consequence, samples were
necessarily spiked at three different concentrations (4, 6, and 8 mg/L) before
performing the recovery studies. Relative recovery values were calculated as
the percentage of the ratio between the concentration of SA found in spiked
samples after performing the complete extraction procedure, and the initially
spiked analyte concentration. Table 2 summarizes the results arising from this
study. As can be seen, good recoveries were obtained within the range of

76.2%-102.0% with SDs not higher than 8.2%.

Table 2. Recoveries study in spiked river water samples.

Added Found Relative

. . RSD «
concentration concentration Recovery a (0/)
(]
(mg/L) (mg/L) (%)
4 3.51%0.19 81.65-92.06 5.33
6 5.14 + 0.41 76.17-93.73 8.03
8 7.50 + 0.62 86.71-101.99 8.20

a Calculated from four independent spiked samples
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Fig. 5 shows the electropherograms of the acetone solvent and those
obtained from a blank and a spiked sample, both subjected to the developed
procedure. As can be observed, the analysis time was quite short (less than 12

minutes) and the electropherograms showed greatly stable baselines.

——acetone - river water blank ——spiked river water
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Figure 5. Electropherograms obtained from a blank and a river water sample spiked with
6 mg/L of SA, both subjected to the complete analytical procedure. Electropherogram of
acetone solvent is also presented.

4. CONCLUDING REMARKS

As noted earlier, most published research on extraction and
determination of pharmaceuticals in water samples use chromatography
coupled to mass spectrometry as instrumental technique. Obviously, the LOD
provided by those techniques is lower compared to that for CE and hence, a
suitable and efficient sample treatment process is mandatory to maximize the
preconcentration factor prior to CE detection. In this work, an alternative
method, that combines a SPE procedure involving CNTs as sorbent with CE
analysis, is proposed for determining SA in those scenarios where no severe
restrictions of sensitivity are imperative. It is worth noting that this method is

low cost and extremely simple given that it only involves packing CNTs into a
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cartridge and loading the aqueous sample, with the added advantage that this
last step is entirely automated. Furthermore, the total solvent consumption is
only 1 mL, and the method provides good recovery values. Besides, CE analysis
time is shorter (less than 12 minutes), and the baseline of the
electropherograms is remarkably more stable, in comparison to previous
research works [8,9]. Taking all into consideration, this analytical method could
be applied to routine analyses laboratories. Undoubtedly, the outstanding
properties of CNTs open new avenues for promoting their use in the analysis of

pharmaceuticals in environmental matrices.
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ABSTRACT

Microextraction by packed sorbents (MEPS) combined with Surface-
enhanced Raman spectroscopy (SERS) was investigated, and applied to
the determination of musk ketone (MK) in river water samples. The full
MEPS-SERS method includes analyte enrichment by MEPS
preconcentration with C18 sorbent followed by SERS detection supported
by silver nanoparticles. An eluent drop containing the analyte is deposited
directly from the MEPS syringe on a CaF; glass plate. When the drop has
dried, a specific volume of silver nanoparticles solution is added on it
before each SERS measurement. Several experimental variables were
studied in depth; under the optimum experimental conditions, MK can be
extracted from a 500 pL sample with recoveries in the range 47-63%. The
limit of detection was 0.02 mg L-! and the relative standard deviation

15.2% (n=4). Although not investigated in this work, the proposed method
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might be suitable for in situ monitoring, because of the portability of the

Raman spectrometer used.

GRAPHICAL ABSTRACT

8

C18 MEPS /

S 45000 - - 2000
s — SERS
2 35000 1 —— Raman L 1549
c
£ 25000 - - 1000
AgNPs =
J S 15000 - L 500
—_ _ V.
—> £ 5000 r . . 0
glass plate

300 1100 1900 2700
Raman shift (cm?)

250



I11.4. MEPS-SERS method for determination of musk ketone

1. INTRODUCTION

Currently, there is an increasing attention on musk compounds because
they are common additives in numerous consumer products, for example
detergents, cosmetics, and other personal care products [1]. Because of their
widespread use, musk products have become ubiquitous emerging
contaminants that can be found in different environmental matrices near
wastewater discharge urban areas [1]. Synthetic musks can be classified into
three families: polycyclic musks, nitromusks, and macrocyclic musks, being the
first of them the most commonly used. The nitromusks family includes five
compounds: musk ambrette, musk moskene, musk tibetene, musk xylene (MX),
and musk ketone (MK); although only the last two are permitted [2]. Permitted
maximum concentrations (w/v, %) for MX and MK are, respectively, 1.0% and
1.4% in fine fragrances, 0.4% and 0.5% in eau de toilette, and 0.03% and 0.04%

in other products [3,4].

The effect of musk compounds on biota and ecosystems has become an
emerging research area. Polycyclic musks and nitromusks are lipophilic in
nature; this results in a slow biodegradation and a tendency to bioaccumulate in
different environmental compartments, for example sediments [5, 6], sludge
[7, 8], and biota [9, 10]. Although MK is suspected of increasing the carcinogenic
effects of other substances, few related toxicological studies have been
conducted. Comutagenic effects between benzo[a]pyrene and MK have been
described in human derived hepatoma cell lines, because MK amplifies the
genotoxicity of that carginogen [11]. Furthermore, recent in vitro studies have
confirmed that some polycyclic musks bind weakly to estrogen, androgen, or

progestin receptors, and thus have endocrine-disrupting properties [12].

Determination of musk compounds in environmental samples has already

been performed by different analytical techniques. A preconcentration step is
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usually required because of the low concentrations at which these compounds
are found. Solid-phase microextraction (SPME) is a solventless
preconcentration technique that consists of extracting the analytes from a
sample into a sorbent phase. It is a simple, reproducible and sensitive
alternative, faster and with lower reagent consumption in comparison to
conventional liquid-liquid (LLE) and solid-phase extractions (SPE) [13].
Microextraction by packed sorbents (MEPS) is a type of SPME in which the
sorbent is directly inserted into a syringe barrel and the sample solution is
pushed through it several times. Any sorbent material can be used, including
silica-based materials (C2, C8, C18), strong cation exchangers (SCX), and carbon
[14]. The extracted analytes can be eluted by using a small volume of solvent,
which makes it an especially attractive preconcentration method. In
comparison with SPME, MEPS needs less handling time, the number of possible
extractions before changing the cartridge is higher, and final recoveries and
sensitivity are improved [14, 15]. To date, only a few works on extraction of
musk compounds from water samples using MEPS has been reported in the

literature [16, 17].

With regard to the instrumental analysis that follows preconcentration,
determination of musks by gas chromatography with tandem mass
spectrometry has been widely described, being this the most used technique up
to now [1, 2, 5, 6, 18]. Other techniques used for this purpose, although to a
lesser extent, are capillary electrophoresis (CE) [19] and Surface-enhanced
Raman spectroscopy (SERS) [20]. SERS is a Raman spectroscopy technique in
which a greatly enhanced Raman signal is obtained from Raman-active analyte
molecules adsorbed on prepared metal surfaces. Increases in the Raman
intensity of the order of 104-106 have been regularly observed, and can be as

high as 108 and 10* for some systems [21].
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In brief, the main objective of this work was to develop an analytical
method for determination of MK in river water by using MEPS preconcentration
followed by SERS detection. The eluent from the MEPS system was deposited
directly on a CaF; glass plate, forming a drop above which colloidal silver was
added before each SERS measurement. Some experimental conditions, for
example the order of deposition of compounds on the measurement plate,
volume of silver nanoparticles solution, solvent type, and sample and cleaning

volumes, were studied in order to find the optimum working conditions.

2. EXPERIMENTAL

2.1. Reagents and materials

All chemical reagents were of analytical grade and were not subjected to
any additional purification. Hydroxylamine hydrochloride (98%) and silver
nitrate (299%) were purchased from Sigma-Aldrich (Madrid, Spain).
Acetonitrile (HPLC Chromasolv) was purchased from Sigma-Aldrich
(Steinheim, Germany). Sodium hydroxide (NaOH) pellets (PA-ACS-ISO) and
methanol (HPLC PAI-ACS) were obtained from Panreac (EU). 4-tert-Butyl-2,6-
dimethyl-3,5-dinitroacetophenone ketone moschus (musk ketone, MK), purity
298%, was obtained from Sigma-Aldrich (Madrid, Spain). The chemical
structure of MK is depicted in Fig. 1. To perform the experiments, stock
solutions of MK were prepared in methanol. MEPS syringes and the barrel
inserts and needles were obtained from SGE Analytical Science (UK). River
water samples were collected from the Guadalquivir River (Cérdoba, Spain) and

were not subjected to any pretreatment.
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Figure 1. Chemical structure of musk ketone.

2.2. Equipment

Raman measurements were acquired with a portable Raman
spectrometer system known as innoRam with a wavelength of 785 nm, and a
maximum laser output power of 348 mW and 285 mW at the system’s
excitation port and in the probe, respectively. Both Raman spectrometer and

probe (model BAC-150) were provided by B&W TEK (USA).

UV-visible measurements were performed by using a halogen lamp for
excitation and the monochromator and photonic detector of a PTI
QuantaMaster spectrofluorimeter (Photon Technology International) system as

detector, with FeliX32 software.

Transmission electron microscopy images were recorded by using a Jeol
JEM 1400 microscope operating at an accelerating voltage of 120 kV (S.C.A.L
Coérdoba).

2.3. Synthesis of silver nanoparticles

With the objective of synthesizing silver nanoparticles, several aqueous

solutions were initially prepared: 8.5x10-3 mol L-! hydroxylamine, 2 mol L
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NaOH, and 1.1x10-3 mol L-! silver nitrate. The hydroxylamine (5 mL), NaOH
(0.04 mL), and silver nitrate (45 mL) solutions were then added in that same
order into an Erlenmeyer flask, and the mixture was stirred vigorously at 500
rpm for 10 min [22], by using a magnetic stirrer from J.P. Selecta (Barcelona,
Spain). The synthesis solution was freshly prepared each week to prevent from
degradation of silver nanoparticles. The reproducibility of the synthesis was
demonstrated because the same experiments performed with silver
nanoparticles from different batches led to similar results. Colloidal silver
synthesis solution was analyzed by UV-visible spectroscopy, which showed the

absorbance maximum was at 444 nm. TEM images were also acquired (Fig. 2).
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Figure 2. Absorbance spectrum and TEM image of colloidal silver synthesis solution.

2.4. Measurement of Raman and SERS spectra

Measurements were conducted on 32 mm x 3 mm calcium fluoride (CaF>)
glass plates obtained from CrystalTechno (Moscow, Russia). Spectra were
collected by using a 50x microscope objective, with 1 s data acquisition time,
one only acquisition, and a detection range from 368 to 3000 cm-!. These

measurement conditions enabled us to achieve a high signal-to-noise ratio.
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The software of the detection system allowed us to set a percentage of the
laser power to be applied to each sample. This value was always adjusted to

10%; as a result, the laser power on the sample was 28.5 mW.

Raman and SERS measurements were always conducted in the same way.
First, the Raman spectrum of MK was recorded from the dried drop on the CaF;
glass by manual focalization of the microscope on it. The volume of MK solution
deposited on the plate for all measurements was always 10 pL. To obtain the
SERS spectrum, 6 pL of the silver nanoparticles solution was placed on the dried
analyte drop with a micropipette. Blank analyses only with silver nanoparticles
were performed before each SERS measurement to check the suitability of the
silver nanoparticles solution for the detection, and it is that the silver tends to
degrade over time by mechanisms such as oxidation, resulting in interferences

on the SERS signal.

2.5. MEPS-SERS procedure

The sample treatment procedure was performed by using MEPS. Each 8
uL cartridge contained ~4 mg of C18 packing; the particle size was 45 pm and
the pore size 60 A.

Before extraction, the MEPS system was conditioned with two portions of
methanol and ultrapure water (200 pL each). The aqueous sample containing
MK (500 pL) was passed through the MEPS cartridge in 2 x 250 pL steps at an
aspiration speed of 5 pL s-1. To remove traces of water, the solid phase was then
dried by passing air through the sorbent at a flow rate of 20 pL s-L
Subsequently, 10 pL of methanol was drawn through the MEPS in order to elute
the analyte. The eluent containing MK was deposited directly on a CaF; glass
plate and quickly dried by heat application what contributed to a more
reproducible evaporation. The silver solution (6 pL) was then added on the
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dried drop using a micropipette. The colloidal silver solution was completely
dried before each SERS measurement. Between analyses, the MEPS cartridge
was washed with 200 uL of methanol. The analytical procedure is depicted

schematically in Fig. 3.

MEPS sorbent conditioning
200uLMeOH  Fo-i-i-i-i- X
200 pL water

I

Sampleextraction L._._. > ‘
500 pL aqueous sample e St ;
PRECONCENTRATION = ‘L

3x 250 pL air i
| ;
Elution Sorbentwash

10 pL methanol > 200 puL
- ¢ methanol

1
!
Sorbentdry !
1
1

SERS Detection
DETECTION +6 L silver nanoparticles
dispersion

Figure 3. Schematic diagram of the optimized MEPS-SERS method for determination of
MK in 500 uL aqueous samples. The syringe used for the MEPS step has a volume of
250 ul.

3. RESULTS AND DISCUSSION

3.1. Optimization of SERS detection

To optimize SERS detection, a series of experiments were conducted by
depositing analyte and colloidal silver solution on a CaF; glass plate. The Raman
spectra were recorded from each deposited spot once dried, and then SERS

spectra were recorded after addition of silver solution to each spot.
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First, the order of deposition of the silver solution and MK was studied by
using stock solutions of MK in methanol (100 pg L-1). In a first approach, the
silver solution was first deposited on the CaF; glass and the droplet containing
the analyte was placed on it afterwards. Poor results were obtained because the
silver nanoparticles were not firmly immobilized on the plate and might have
been removed when the methanolic solution of MK was added on top. In a
second study, the analyte was deposited on the glass first and the colloidal
silver solution was added on top of the analyte drop once dried. By this last
experimental approach, there was no loss of silver solution by drag and thus,
this solution covered a larger area on the analyte drop, generating a higher
density of hot spots. This scheme led to a greater SERS enhancement factor and

reproducible results, and finally it was selected as optimum.

Raman and SERS spectra of MK at concentrations of 1000 mg L-* and 100
pg L-1 are shown in Fig. 4. Some prominent peaks can be distinguished in the
SERS spectrum. The NO; symmetric stretching vibration is located at 1390 cm-1.
The nitro-group scissoring mode is cautiously assigned to the peak at 713 cm-1!
[20]. The bands at 1004 cm-! and 1276 cm-! are tentatively associated to the
aromatic ring chain vibration and to aliphatic chain vibration (¢-butyl group),

respectively.

The difference between the Raman intensities at 1390 cm-! and at 1299

cm-1in the spectrum of MK was adopted as analytical signal in all experiments.
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Figure 4. Raman and SERS spectra obtained from 1000 mg L and 100 pug L1 MK
respectively.

As is apparent from Fig. 4, the Raman intensity increased substantially,
i.e. by a factor of 9.3x10° after deposition of colloidal silver solution. The

enhancement factor, EF, was calculated using the following equation [22]:

N aman I
EF (enhancement factor)= ( NR ) : (1 SERS )
SERS Raman

where Isgrs and Iraman are, respectively, the SERS intensity and the normal
Raman scattering intensity of MK at 1390 cm-1, and Nsgrs and Nggman represent

the number of molecules of MK deposited onto the substrate in each case.

The effect of the volume of colloidal silver solution added to the analyte
drop was then studied by first depositing methanolic solution of MK (100 pg L-1,
10 pL) and then adding different volumes (2, 6, 20, 40, or 70 pL) of the
synthesized silver solution. The SERS enhancement increased when the volume
of silver nanoparticles solution was increased from 2 to 6 pL; above this volume
however, the signal decreased progressively (being very similar for 20 pL and
40 pL) until reaching a minimum at 70 pL of silver solution. The explanation of

these results is that for greater volumes of silver solution the resulting drop size
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becomes larger and spreads over a larger plate area. As a result, the silver
colloids tend to accumulate at the limits of the drop, which has a double effect:
it complicates the interaction between analyte and silver, reducing the SERS
enhancement factor, and also reduces the reproducibility of the method.
Therefore, 6 pL was set as optimum volume since it provides a greater SERS
enhancement factor. The SERS spectra and the Raman intensities are shown in

Fig. 5.
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Figure 5. a SERS spectra for 100 ug-L1 of MK adding different volumes of silver
nanoparticles solution. b SERS intensities calculated by subtracting the intensities at 1299
cm! to those obtained at 1390 cm-1.
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The optimum order of deposition of compounds on the glass was again
studied using the silver solution volume previously optimized (6 pL). For this
purpose, the same procedure was followed—using 10 pL of methanolic solution
of MK and 6 pL of silver solution, and the order of deposition was changed in
parallel experiments. Again, it was confirmed that stronger SERS intensities
were obtained when the analyte was deposited first and the silver solution was

added later.

The optimized detection procedure thus entailed depositing 10 pL of
methanolic solution of MK on the CaF, glass, and then adding 6 pL of the
synthesized silver nanoparticles solution to the dried analyte drop. The Raman
and SERS measurements were performed after the evaporation of the liquids on

the glass plate.

In further studies, the reproducibility of the proposed detection method
and the homogeneity of deposition scheme on the plate were investigated. With
this objective, the optimized detection method was repeated using different
1 mg L-1 MK standards. The RSD found resulted to be 9.9% for three replicates.
The homogeneity of deposition scheme was assessed by measuring a same
sample (1 mg L-! MK standard) at different randomly selected locations inside
the dried drop. This procedure was repeated for several samples.

Reproducibility was in the range 6.2-8.4% depending on the sample analyzed.

3.2. Optimization of MEPS preconcentration step

The variables optimized were solvent type, and sample and cleaning

volumes. The optimization experiments were performed by using water

standards spiked with MK at a concentration of 1 mg L-1.
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The elution solvent volume was set at 10 pL to match the resulting drop
size to the measurement plate size, and also to preserve the analyte-to-silver
volume ratio used in the previous optimization experiments (discussed in the
section “Optimization of SERS detection”). Moreover, larger elution volumes
resulted in a loss of sensitivity and reproducibility of the method because larger
drops were formed on the glass plate and the analyte was distributed by a
larger surface, complicating in this way the interplay between MK and silver

nanoparticles.

Two different organic solvents were evaluated as eluents, methanol and
acetonitrile. Methanol enabled a greater extraction yield and was finally chosen

as optimum solvent.

To determine the cleaning volume of the MEPS cartridge required after
each preconcentration stage, consecutive elutions with 10 pL methanol in each
step were performed until MK was not detected in the elution fraction. The
volume of methanol used for cleaning was 200 uL, because no interferences on
the analytical signal were detected after that volume passed through the MEPS

cartridge.

The effect of the aqueous sample volume was also investigated. Aqueous
samples of 50, 200, 500, and 1000 pL were spiked at concentrations such that
the final concentration in the volume of eluent was identical in all cases,
assuming the same extraction yield for all the samples. In other words, the
sample volume was different in each case although the total amount of analyte
in the sample always remained constant. Taking into account that the starting
MK concentration was different for each volume of sample studied, one might
believe that the critical condition in this study was the concentration of MK and
not the volume of sample. However, when a sample is passed through a MEPS
cartridge, the volume becomes a significant parameter because larger samples
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(passed through MEPS cartridge in different loading cycles) could lead to a
better and longer interaction between analyte and sorbent, resulting in a
increased extraction efficiency [14]. Sample volumes of 500 and 1000 uL
provided similar SERS enhancement factors, because both enabled greater
interaction between MK and sorbent. Nevertheless, a compromise must be
reached between analysis time and the obtained SERS response; consequently,

500 pL was eventually selected as optimum sample volume.

The effect of ion strength on extraction efficiency was not considered
because previous investigations showed no effects of salt addition on extraction

yield of musk compounds [21].

3.3. Analytical features of the MEPS-SERS method

The sensitivity, limits of detection (LOD) and quantification (LOQ), and
precision of the MEPS-SERS method were also evaluated. The analytical signal
was quantified by the difference between the Raman intensities obtained at
1390 cmt and 1299 cm-! in the spectrum of MK. However, other Raman bands
at 713 cm-1, 1004 cm-1, and 1276 cm-! could also be used to identify this
analyte. To determine the detection limit of the proposed MEPS-SERS method,
ultrapure water standards spiked at different concentrations of MK were
subjected to the previously optimized experimental method. A calibration graph
was constructed by plotting the analytical signals obtained after performance of
the MEPS-SERS method against the initial MK concentrations in the ultrapure
water standards. The data were fitted to a Langmuir isotherm, Y=(a x b x X (1-9)
/(1 + b x X1-9; a=22448, b=29, c=-0.23), and the fit was acceptable in the range
0.05-1 mg L-1 of MK (R?=0.9772). The LOD was estimated to be 0.02 mg L-! and
the LOQ was 0.05 mg L-1. Fitting of the calibration graph to a Langmuir
isotherm has previously been described in other works on SERS detection of

other compounds, for example malathion and melanine [23].
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It should be emphasized that several measurements were taken at
different spots of each sample to calculate statistically an average intensity
value. Reproducibility was between 4 and 6.9%. To study the reproducibility of
the full MEPS-SERS method, four independent samples spiked with 1 mg L-t MK
were analyzed. The RSD obtained for the full procedure was 15.2%, which is in
accordance with values found in the literature [24, 25]. Taking into account
SERS limitations related to the irreproducibility of deposition of the SERS-active
substrate, it is apparent that the sensitivity and RSD of our experimental

method are acceptable.
3.4. Application to river water samples

Water samples were collected from the Guadalquivir River (Cérdoba,
Spain). The samples were analyzed by the proposed method using an extraction
volume of 500 pL, and a preconcentration step with C18-MEPS followed by
SERS detection with silver nanoparticles. A typical SERS spectrum obtained
from a spiked real sample subjected to the complete experimental procedure is

shown in Fig. 6.
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Figure 6. Example of a SERS spectrum obtained from a river water sample (spiked at 0.2
mg-L1) subjected to the developed MEPS-SERS method.
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Recovery for triplicate analysis was calculated by comparison of, the SERS
intensity obtained by use of the MEPS-SERS method for 500 pL river water
spiked with 0.2 mg L-1 MK, with the SERS intensity obtained by use of the
MEPS-SERS method for 500 pL ultrapure water spiked at the same
concentration. Results ranged from 46.6 to 62.6% depending on the sample
analyzed. These recoveries are in accordance with results reported in the
literature [16]. The presence of interferences in the river water samples might
explain why higher recoveries were not obtained. In this regard, two different
hypotheses are important. On the one hand, natural components present in
river water could interact with the analyte reducing its extraction from the
matrix, and on the other hand, these same components could occupy the hot

spots on the SERS substrates, thus further reducing the analytical signal.

4. CONCLUSIONS

SERS is an emerging novel analytical technique with a satisfactory
performance in detection of trace amounts of analytes. In this study a MEPS-
SERS method was developed by combining an initial MEPS preconcentration
step followed by SERS detection with silver nanoparticles. Different
experimental conditions were optimized for both detection and
preconcentration steps, including the deposition order of compounds on the
plate and the volume of silver nanoparticles solution for detection, and solvent
type, and sample and cleaning volumes for preconcentration. The experimental
conditions finally selected were: 500 pL of sample volume, 10 pL of methanol
for elution, and 6 pL of silver nanoparticles solution to be added to the dried
analyte drop on the CaF, glass before each measurement. The LOD of the
optimized method for ultrapure water was 0.02 mg L-1, and its final application
to river water samples led to recoveries in the range 46.6-62.6%, confirming
the suitability of this experimental approach for determination of MK in real

water samples. Although previously published works on analysis of musk
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compounds by other techniques led to lower detection limits [1, 2, 16, 18], here
we present a combination of MEPS with SERS detection for determination of
musk ketone in water samples for those scenarios in which no severe sensitivity

restrictions are required. The most remarkable advantages of this method are:

1. the portability of both the extraction scheme and detection system,
which could lead to in situ studies;
2. the simplicity of the proposed analytical method; and

3. reduced analysis time.

The features and advantages of this method would enable its future

application to other types of sample (e.g. cosmetics).
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Introduccion

INTRODUCCION

A lo largo del Bloque III de esta Memoria se expusieron detalladamente
las aplicaciones analiticas desarrolladas durante el transcurso de la Tesis
Doctoral basadas en el empleo de las NPs como herramientas en el ambito de la
Quimica Analitica. Sin embargo, otra faceta no menos importante es la
consideracion de los posibles efectos toxicos que conlleva el empleo de estos

nanomateriales y que se tratara a lo largo del presente Bloque IV.

La investigacion de nuevas aplicaciones para las NPs debe ir acompainada
de la evaluaciéon de sus potenciales efectos téxicos. No obstante, alcanzar un
desarrollo equilibrado entre estos dos ambitos de estudio no siempre se
consigue y constituye un reto a alcanzar. Por ello, esta Tesis Doctoral pretende
abarcar dos vertientes claramente definidas. Por un lado, desarrollar nuevos
procedimientos analiticos con el empleo de NPs y por otro, profundizar en el

estudio de la toxicidad asociada a estos nanomateriales.

En este Bloque IV se encuadran dos aportaciones cientificas al ambito de
la Nanotoxicologia en cuestion. En primer lugar se abordara un trabajo
enfocado a realizar un estudio comparativo entre NPs de plata sintetizadas con
diferentes recubrimientos superficiales, en términos de su estabilidad coloidal,
su grado de oxidacién, su internalizacién celular y su citotoxicidad. La
importancia de este trabajo radica en evaluar cémo y en qué grado el
recubrimiento superficial de las NPs puede modular su toxicidad por
condicionar diferentes propiedades fisicoquimicas de las mismas o definir su
diferente interaccién con las células. La segunda aportacién cientifica tiene su
origen en la hipétesis de que los contaminantes no se encuentran aislados en el
medio ambiente sino que pueden entrar en contacto e interaccionar de alguna
manera con otras especies. Esta hipotesis gana aiin mas peso si tenemos en

cuenta la capacidad de adsorcion de las NPs hacia determinados compuestos
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organicos, capacidad que ha sido y sigue siendo explotada a dia de hoy en
multitud de métodos de extraccién en fase sélida. Esto nos lleva a plantear un
estudio en el que se evalda cual es el efecto de la coexistencia de los nanotubos
de carbono con un contaminante ambiental comun sobre su toxicidad in vitro,
teniendo en cuenta que ambas especies presentan un uso extendido en la
sociedad actual y pueden interaccionar como consecuencia de su estructura

aromatica.

272



IV.1. Toxicity of silver nanoparticles depends on their surface chemistry

a

Part1cle

Parhcle Systems Characterization

Part. Part. Syst. Charact. 2013, 30, 1079-1085 .

The toxicity of silver nanoparticles depends on their uptake by cells

and thus on their surface chemistry

Encarnacién Caballero-Diaz1?, Christian Pfeiffer?, Lena Kastl?, Pilar Rivera-GilZ,
Bartolome Simonet?, Miguel Valcarcel?, Javier Jiménez-Lamanas3, Francisco
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ABSTRACT

A set of three types of silver nanoparticles (Ag NPs) are prepared,
which have the same Ag cores, but different surface chemistry. Ag cores
are stabilized with mercaptoundecanoic acid (MUA) or with a polymer
shell [poly(isobutylene-alt-maleic anhydride) (PMA)]. In order to reduce
cellular uptake, the polymer-coated Ag NPs are additionally modified with
polyethylene glycol (PEG). Corrosion (oxidation) of the NPs is quantified
and their colloidal stability is investigated. MUA-coated NPs have a much
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lower colloidal stability than PMA-coated NPs and are largely
agglomerated. All Ag NPs corrode faster in an acidic environment and thus
more Ag(I) ions are released inside endosomal/lysosomal compartments.
PMA coating does not reduce leaching of Ag(I) ions compared with MUA
coating. PEGylation reduces NP cellular uptake and also the toxicity. PMA-
coated NPs have reduced toxicity compared with MUA-coated NPs. All
studied Ag NPs were less toxic than free Ag(I) ions. All in all, the
cytotoxicity of Ag NPs is correlated on their uptake by cells and

agglomeration behavior.

GRAPHICAL ABSTRACT

AgNPs with three different

surface coatings

Modulated'cell uptake

4 Different toxicity ™
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1. INTRODUCTION

Silver nanoparticles (Ag NPs) are frequently used in industry, mainly
because of their antimicrobial properties,[tl with applications in an increasing
number of medical and consumer products. However, their antibacterial
features and extremely small size, which makes them to have a high surface
area and to be more reactive, also suggest a toxicological risk when these NPs
come into contact with biological systems.[?] Countless toxicological studies
involving Ag NPs have already been carried out in different organisms ranging
from bacteria to humans.3-51 Although it is generally known that corrosion
(oxidation) and subsequent release of Ag(I) ions is a major source of toxicity,67]
there is still a lack of detailed general knowledge concerning the origin of the Ag
NPs’ toxicity. Most important shortcomings are that individual studies are often
based on different NPs, and also on different types of cells, which complicate the
comparison and extrapolation of results. In some studies, the final toxicity
resulted to be an unclear combination of effects among the Ag NPs and their
released Ag(I) ions, whereas in other works the Ag(I) ions showed a greater (or
even the only) contribution to the toxicity than the Ag NPs per se.37-91 Several
studies describe the release of Ag(I) ions upon NP oxidation and subsequent
partial dissolution of the Ag NPs over time as amplification of the toxicity of the
(undissolved) Ag NPs, which can cause intracellular reactions, as, for example,
in the mitochondria.l51 Other studies even claim that the only effect originates
from Ag ions, which acts on the cell membrane, whereas under the same
conditions Ag NPs had no effect.[9l Studies indicate that toxicity depends on
size,[191 shape,[11] charge,[2] and colloidal stabilityl13] of the Ag NPs.

Although correlation of the physicochemical properties of NPs to their
interaction with cells is attempted by a large-body research studies, a
comprehensive picture is still missing (not only for Ag NPs but in general) albeit

many effects are well established. This is partly due to the fact that not all
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physicochemical properties are easy to be determined experimentally, and
most of them are entangled (e.g., loss in colloidal stability/reduced dispersion
also increases the effective hydrodynamic diameter of the NPs).41 The
interaction of NPs with cells is not only governed directly, but also it is strongly
influenced by interplay with the medium. Salt can reduce colloidal stability, and
the NP surface will be covered with a corona of proteins, which provides
signature to the NP surface.[15] This interaction is not static, but rather dynamic
and may change with time.['¢l Although this already gives a complex scenario
for the NP-medium interaction, modern techniques such as fluorescence
correlation spectroscopy (FCS) allow for detailed investigation of the
physicochemical properties of NPs in many protein-containing mediall”l (but
not in all, for instance, not in blood). Characterization is, however, complicated
as soon as NPs enter cells. Going back to the dynamic picture of the protein
corona,[!s] its composition certainly will change inside cells. Enzymes in
endo/lysosomal compartments can, for example, digest part of the protein
corona.l’8] Also the pH in these compartments, in which NPs are typically
residing, is highly acidic. In particular in the case of Ag NPs, this may enhance
oxidation of the inorganic NP core by release of Ag(I) ions, which in turn would
affect toxicity. In order to single out such effects, highly defined NPs, in which
parameters are varied in a controlled way, and appropriate test media, are

warranted.

In the present study, we wanted to investigate two hypotheses. The first
one is that toxicity of Ag NPs is correlated with their uptake by cells, i.e., the
more internalized Ag NPs, the greater their toxicity. This was motivated by
previous studies based on different types of NPs.19 In order to test this
hypothesis, cells need to be exposed to the same amounts of Ag NPs, but
different amounts are internalized. One possibility to enhance uptake of Ag NPs
is coupling them to magnetic NPs. Enhanced internalization of Ag NPs via
magnetofection has been demonstrated to increase cytotoxicity.[201 In our study,
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we wanted to attempt an alternative strategy. Ag NPs are internalized via
endocytotic pathways,[21l whereby uptake can be controlled by the surface
chemistry of the NPs. Polyethylene glycol (PEG) of 10 kDa molecular weight is
commonly used to reduce NP uptake by cells in vitrol22l and also to increase in
vivo retention times.[23] Thus, in this study, we modulate uptake of Ag NPs by
PEGylation and compare toxic effects obtained for Ag NPs with PEG to those
obtained for the same Ag NPs but without PEG. The second hypothesis is that
toxicity of Ag NPs is correlated to how fast they corrode, i.e, how fast they
dissolve under physiological conditions. Also this hypothesis has been
motivated by previous reports.l”l As pointed out above, one hereby needs to
consider that NPs internalized in endo/lysosomal structures are exposed to
highly acidic pH, which enhanced NP dissolution, in contrast to the neutral pH
in extracellular media. In our study, we attempt to modulate oxidation of Ag
NPs by different protective surface coatings. Often Ag NPs are capped by a
monolayer of surfactant, and thus have been also termed previously as
monolayer-protected clusters.[?4] Additionally, we protected and stabilized the
NP surface by wrapping a polymer around the original surfactant shell.[25]
Altogether the key point of our study is that all experiments are based on the
same Ag cores. By modification of the surface chemistry, both uptake by cells
and oxidation are controlled. As the actual Ag cores of the different Ag NPs are
identical, and also the final Ag NPs are well defined and characterized,

comparative studies can be performed.

2. MATERIALS AND METHODS

2.1. Synthesis of hydrophobic Ag NPs [26]

Ag NPs capped with dodecylthiol were synthesized following the protocol
of Mari et al.[27] These hydrophobic NPs were dispersed in chloroform and had a

core diameter (i.e., the diameter of the inorganic Ag NP, excluding the organic

277



BLOQUE IV. ESTUDIOS TOXICOLOGICOS DE NANOPARTICULAS

capping(14, of d. = 4.2 + 0.4 nm and an experimentally determined molecular
extinction coefficient of € = 16.9 x 106 M-1 cm-! at the surface plasmon peak at
430 nm. Based on this, we calculated that each Ag NP in average contains N =
2200 Ag atoms in total, whereby 230% (Nagsuf* 650) Ag atoms are located on
the surface of each NP. For a detailed description of the synthesis protocol and
the calculations, we refer to the Supporting Information. In the following
section, different strategies on how these NPs were transferred to aqueous

phase will be described.

2.2, Synthesis of hydrophilic Ag NPs

The hydrophobic Ag NPs were transferred via two strategies to aqueous
phase. First, the hydrophobic dodecylthiol ligands were replaced with
hydrophilic mercaptoundecanoic acid (MUA) ligands by a ligand-exchange
procedure, resulting in water-soluble Ag-MUA NPs. Second, an amphiphilic
polymer [dodecylamine-modified poly(isobutylene-alt-maleic anhydride) PMA]
was wrapped around the original ligand shell, leading to water-soluble Ag-PMA
NPs. Advantages and disadvantages of both procedures have been compared in
previous works.[28] The resulting Ag NPs were stringently purified by gel
electrophoresis and size exclusion chromatography, which allows for sufficient
removal of excess of reactants and polymeric micelles29 (for the case of
polymer-coating).Using EDC (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide)
chemistry, 10 kDa amino-modified polyethylene glycol NH,-PEG-CH3 (Rapp
Polymere) was linked via the amino group to the carboxyl groups on the surface
of Ag-PMA NPs. NPs saturated with PEG (Ag-PMA-satPEG NPs) and with
exactly one PEG per NP (Ag-PMA-1PEG NPs) were obtained and fractionated
via gel electrophoresis. Thus, four different surface modifications based on the
same original hydrophobic NPs were obtained: Ag-MUA, Ag-PMA, Ag-PMA-
1PEG, Ag-PMA-satPEG (Figure 1). Details of the surface modification protocols
are reported in detail in the Supporting Information.
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Figure 1. Sketch of the four types of surface modifications, which were applied to the same
hydrophobically capped Ag NPs. The Ag cores (with core diameter d;) are depicted in
black, and the original hydrophobic ligand shell is depicted in red. The following surface
modifications have been applied to obtain water-soluble NPs. a) Ligand exchange to
mercaptoundecanoic acid (Ag-MUA NPs; the hydrophilic ligands are depicted in blue). b)
Overcoating with an amphiphilic polymer (Ag-PMA NPs). c) Overcoating with an
amphiphilic polymer and conjugation with one PEG molecule per NP (Ag-PMA-1PEG NPS).
d) Overcoating with an amphiphilic polymer and subsequent saturation of the surface
with polyethyleneglycol (Ag-PMA-satPEG NPs).

2.3. Characterization of colloidal properties

The colloidal properties of the Ag NPs were characterized according to
our standard protocols,30 including determination of the hydrodynamic
diameter (dn) by dynamic light scattering (DLS), the zeta-potential ()31 by
laser Doppler anemometry (LDA), and stability in salt-containing solutions
(Table 1). For the stability assays, changes in the di upon the presence of NaCl

were recorded (Figure 2).
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2.4. Characterization of NP oxidation

Despite stringent purification after synthesis, the Ag cores of the Ag NPs
corrode over time, leading to the release of Ag(I) ions.I”l Release of Ag(l) was
quantified both, at neutral (pH=7) and acidic (pH=3) conditions, using

ultrafiltration and inductively coupled plasma mass spectrometry (ICP-MS).

2.5. Analysis of NP uptake by cells

The cellular uptake of Ag NPs was analyzed by confocal laser scanning
microscopy (CLSM). NIH/3T3 embryonic fibroblasts were seeded on Ibidi-
Plates at cell densities of 2x10* cells/well in 300 pL growth medium (DMEM-
F12 Ham’s basal medium supplemented with 10% calf serum, 1% L-glutamine,
and 1% penicillin/streptomycin). The next day, the cells were rinsed with
phosphate-buffered saline (PBS) and incubated with DY-636-modified
fluorescent Ag NPs (Supporting Information) at a concentration of c(Ag NP) =
10 x 109 M (Aexcitation 645 nm and Aemission 671 nm) for 15 h at 37 °C and 5% CO..
The cells were then analyzed with a CLSM (Zeiss LSM Meta; Figure 3).

2.6. Analysis of cell viability

Viability of NIH/3T3 embryonic fibroblasts upon incubation with Ag NPs
was probed with a standard resazurin assay.[32] Silver nitrate was used as
positive control. Resazurin is a blue, non-fluorescent sodium salt, which is
converted to resorufin by metabolically active cells. Resorufin is a pink,
fluorescent sodium salt that accumulates outside the cells. This reduction
process requires functional mitochondrial activity, which is inactivated
immediately after cell death. Thus, cell viability was assessed by the increase in
the fluorescence signal and is given as mean of normalized intensities against
the concentration of Ag. The response curves were fitted with a sigmoidally
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shaped curve, of which the point of inflection was taken as LDso value, i.e., the

concentration when cell viability was reduced by half (Figure 4).

3. RESULTS AND DISCUSSION

3.1. Colloidal properties

Four different surface modifications applied to the same Ag cores were
compared. All NP samples have comparable hydrodynamic diameters (Table 1)
in PBS. PEGylation increases the diameter, which is indicated in gel
electrophoresis and size exclusion chromatography experiments (Supporting
Information). Surprisingly, we were reproducibly not able to observe this also
with DLS, which is however within the error bars. In the DLS data, MUA and
PMA provide negative charge to the NPs, and thus colloidal stability via
electrostatic repulsions (the zeta-potential data in Table 1). Saturation of the
NPs surface with PEG (Ag-PMA-satPEG NPs) reduces the negative charge, but

the colloidal stability is conducted by steric repulsions.

Table 1. Colloidal (hydrodynamic diameter d, and zeta-potential £) and toxic properties
(concentration of half viability, LDsg) of Ag NPs with different surface coating, with a core
diameter of d. = 4.2 nm. The concentrations refer to the number of Ag atoms in solution
(c(Ag)). The LDsg value for AgNO3 was determined as 0.022 +1.24x 10°x 103 M.

Sample dn [nm] ¢ [mV] LDso [x 10-3 M]
Ag-MUA 11+4 -249+1.7 0.04 +2.83-104
Ag-PMA 12+3 -31.0+1.3 0.65+8.66:103
Ag-PMA-1PEG 13+4 -41.1+15 0.73 +6.48-10-3
Ag-PMA-satPEG 12+3 -109+0.4 1.34 +2.49-102

However, as soon as NaCl is added to PBS, dramatic differences in
colloidal stability of the NPs are visible. While for Ag-PMA NPs, the
hydrodynamic diameter upon the presence of NaCl (up to 2.5 M) remains

relatively unaffected, Ag-MUA NPs completely agglomerate, which is visible by
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their huge hydrodynamic diameters (Figure 2). Please note that colloidal
characterization was performed in neutral PBS buffer containing different
amounts of NaCl, not in the actual cell media. The presence of NaCl can provoke
electrostatic screening and thus induces agglomeration. The presence of
proteins (in serum-containing cell media) also could act on colloidal stability.
However, as proteins and the NPs in this study have hydrodynamic radii on the
same order of magnitude, DLS is hard to perform.[33] Data with similar NPs (the
same polymeric surface coating but Au instead of Ag cores) demonstrate that
the presence of proteins can under our experimental conditions further reduce
colloidal stability.l331 Thus, we can conclude that Ag-MUA NPs are highly
agglomerated even at neutral pH and without the presence of proteins, whereas
Ag-PMA NPs (with/without PEGylation) are much better dispersed. This is due
to the more negative zeta-potential of PMA versus MUA coatings, which leads to
stronger electrostatic repulsions for Ag-PMA NPs than for Ag-MUA NPs. For
PEGylated NPs, the loss of colloidal stability due to electrostatic screening by

NaCl is compensated by steric repulsions.
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Figure 2. Change of the hydrodynamic diameter (dy) of the Ag NPs upon presence of NaCl
(dn was detected directly after exposure of the Ag NPs to AgCl). The error bars belong to
the width of the peak.
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3.2. NP oxidation

The Ag NPs were stringently cleaned after synthesis, leading to the
removal of excess Ag(I) ions in solution. Kittler et al.l’l demonstrated release of
Ag(I) from the Ag NPs due to oxidation. In order to study the release of Ag(l),
NP samples incubated in water were analyzed by ultrafiltration followed by
ICP-MS. At pH 7, even after 7 days of incubation, the amount of Ag(I) released
from the Ag NPs was below the detection limit (<0.0015%; Supporting
Information for details). On the other hand, after 7 days of incubation at pH 3
solution, around 1% of the Ag from the Ag NPs was detected as Ag(I) in
solution. This suggests that Ag NPs inside acidic endo/lysosomal compartments
release more Ag(I) than NPs in the extracellular neutral medium. No significant
differences among the four different NP samples were observed. This can be
explained by the fact that all are capped by thiolated hydrocarbon chains of
comparable length (mercaptoundecanoic acid for Ag-MUA NPs and
dodecylthiol for Ag-PMA NPs, respectively). Thus, changes in the outer surface
cappings as PEGylation did not have significant effects on NPs oxidation. We
also found in agreement with Kittler et al.l7l that Ag NPs are not completely
dissolved and only a certain amount of Ag(I) is released. Analyses were
performed in water at different pH, and not in the cell medium. To the best of
our knowledge, proteins as particular enzymes in the cell medium can partly
disintegrate the organic shell around, 8 but not extensively dissolve inorganic

(e.g., Ag) cores.

3.3. NP internalization

As can be clearly seen in Figure 3, the uptake of Ag-PMA NPs was strongly
reduced when the surface of the NPs was saturated with PEG molecules of 10
kDa size (Ag-PMA-satPEG NPs vs Ag-PMA NPs). We did not quantify uptake as

this has been already previously done with similar NPs,[2233] and the qualitative
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results are sufficiently indicative. Data also clearly demonstrate that Ag-PMA
NPs are internalized to a much higher extent than Ag-PMA-satPEG NPs.
Unfortunately, we were not able to quantitatively compare the uptake of Ag-
MUA NPs and Ag-PMA NPs. This is due to the fact that on the basis of different
surface chemistry, the DY636 fluorescence labels were attached differently to
the NPs. Besides different amount of fluorophore per NP, they also will have
different distance to the Ag cores and thus different quenching effects. The main
statement of the uptake experiments thus is that PEGylation drastically reduces

the uptake of NPs by cells, in accordance with previous works.

(a) Ag-PMA (b) Ag-PMA-satPEG

Figure 3. Fluorescence images of 3T3 fibroblasts which had been exposed for 15 hours to
fluorescence (DY636) labeled a) polymer-coated Ag NPs or b) polymer-coated Ag NPs
whose surface has been saturated with 10 kDa PEG molecules. The images correspond to
the overly images of the transmission and fluorescence channel. Scale bars correspond to
20 um.

3.4. Cell viability

As expected, free Ag(I) ions (AgNOs solution as positive control)
significantly reduce the viability of NIH/3T3 cells, as quantitatively
demonstrated in dose-response curves (one time point, one type of assay, and
one cell type; Figure 4). Also in case Ag(l) is introduced in the cells via Ag NPs,
the cell viability is reduced. In comparison to the MUA coating, the PMA coating
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was effective in reducing the toxicity of the Ag NPs. The surface modification of
PMA-coated Ag NPs with one single PEG molecule (10 kDa) per NP (Ag-PMA-
1PEG NPs) exhibited a similar dose-response curve (with similar LDso values) to
Ag-PMA NPs. In contrast, dose-response curve for Ag-PMA-satPEG NPs was
strongly shifted to higher concentrations values. This indicates that much lower
concentrations of nonPEGylated Ag NPs than of PEGylated NPs are necessary to

induce cell death.
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Figure 4. Resazurin-based viability test of 3T3 fibroblasts, which had been incubated for
24 hours with Ag NPs. Onset of fluorescence (as quantified by the measured intensity I) is
an indicator for viability of cells. The amount of Ag is quantified in a) the total amount of
Ag (c(Ag)), b) the amount of Ag atoms which are present on the NP surface (csur(Ag)), and
c) the amount of Ag NPs (c(Ag NP)). The following scaling factors were used (Supporting
Information): csurf(Ag) = 0.29 c(Ag) and c(Ag NP) = 4.2-10° mol mg! c(Ag). In case of
AgNO:s as silver source, only the c(Ag) concentration scale is valid; in case of all the NPs, all
three concentration scales are valid.

4. CONCLUSIONS

Correlation of the interaction of the NPs with cells and their

physicochemical properties allows for a set of conclusions: i) Toxicity of Ag NPs
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was lower in comparison to Ag(I) ions, in case of normalization of the absolute
amount of Ag. In Figure 4, NP concentration is given in terms of c (Ag) gram per
liter, which allows for direct comparison. Even if one assumed that in the case of
Ag-MUA NPs all Ag atoms on the NP surface went into solution, there is still a
lower toxic effect in comparison to the same amount of free Ag(l) ions (from
AgNO:3). Even in the worst case (Ag-MUA NPs), the toxicity from all Ag atoms on
the surface still is lower than the one for free Ag(I), in case the csurr (Ag) scale for
Ag NPs is compared with the c(Ag) scale for AgNOs. In addition, while *30% of
the Ag within Ag NPs is bound on surface, our ICP-MS data indicated that even
at pH 3, only 1% of Ag is released from the Ag NPs into solution. Thus, under
our experimental conditions, Ag NPs are less toxic compared to Ag(I) ions in
terms of absolute amounts of Ag, as most of the Ag in NPs is bound to the NPs
and not available as Ag(I). Please note that this is the opposite as reported by
Cronholm et al,l® who, however, worked under different experimental
conditions (other NPs and cells). In our case, even if one assumed the outer
capping of Ag NPs to be oxidized, there is still lower toxicity compared to
AgNOs. Additionally, PMA coating did not reduced the release of Ag(I) versus
MUA coating, but reduced cytotoxicity; ii) Toxicity of Ag NPs depends on their
uptake by cells. One may argue that the 1% of released Ag(l) ions from
internalized Ag NPs has a more cytotoxic effect than assuming a scenario in
which all Ag atoms situated at the Ag NP surface (*30%) would be released
extracellularly. Ag(I) as free ion is not membrane permeable (although it can be
complexed by serum proteins) and thus Ag NPs are an efficient carrier to
transport Ag(l) ions inside cells. The difference between intracellular and
extracellular Ag is demonstrated upon comparison of Ag-PMA and Ag-PMA-
satPEG NPs. PEGylation reduces cellular uptake, which goes hand in hand with a
lower cytotoxicity; iii) Agglomeration is a key parameter in Ag NPs toxicity.
Comparing the cytotoxic effects between Ag-MUA NPs and Ag-PMA NPs,
different agglomeration behavior is the most likely reason. Ag-MUA NPs
showed a greater tendency to agglomerate what finally resulted in an increased
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cytotoxicity. Toxic effects may be explained by clouding the cell membrane, as
has been speculated previously.34 Although our data clearly demonstrate that
toxicity due to intracellular Ag is higher than that due to extracellular Ag (note
that in contrast, in the report by Cronholm et al.,[] toxicity was generated by the
extracellular interaction of Ag(I) to the cell membrane, unfortunately we could
not quantify this in terms of the contribution of Ag from Ag(I) or Ag NPs.
Characterization of physicochemical properties of internalized NPs still remains
a future challenge, which, however, is strongly needed for further unraveling
pathways of cytotoxic effects and their attribution to distinct physicochemical

properties.
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SUPPORTING INFORMATION

I) Synthesis of hydrophobic Ag nanoparticles.

II) Ligand exchange for obtaining hydrophilic Ag NPs (Ag-MUA NPs).

III) Polymer coating for obtaining hydrophilic Ag NPs (Ag-PMA NPs).

IV) PEGylation of polymer coated Ag NPs (Ag-PMA-1PEG, Ag-PMA-satPEG
NPs).

V) Characterization of NP size and colloidal stability with gel

electrophoresis.

VI) Characterization of NP size and colloidal stability with HPLC.

VII) Characterization of NP size and colloidal stability with dynamic light

scattering.

VIII) Characterization of NP corrosion with ICP-MS.

IX) Viability tests.
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I) Synthesis of hydrophobic Ag nanoparticles

The synthesis of the silver nanoparticles (Ag NPs) was done following the
synthesis route reported by Mari et allll. First the ligand which is needed for the
stabilization of the NPs (Sodium S-dodecylthiosulfate) was prepared. Then, the

Ag NPs were synthesized in ethanol under presence of the ligand.

First, 1-bromodecane (25 mmol; 5.187 mL) was dissolved at 50 °C in 50
mL ethanol; sodium thiosulfate pentahydrate (25 mmol; 6.21 g) was dissolved
in water and added. The mixture was refluxed for 3 h and after cooling down to
room temperature the obtained white precipitate (sodium S-dodecylthiosulfate,

cf. Figure SI-1) was filtered and again crystallized from ethanol.

For the synthesis of the Ag NPs, the ligand sodium S-dodecylthiosulfate
(1.26 mmol; 390 mg) was dissolved in 90 mL ethanol at 50 °C. AgNO3 (1.68
mmol; 282 mg) was added to the solution and stirred for 10 min. The mixture
was white at the beginning and turned brown after a few minutes. After 10 min,
sodium borohydride (8.4 mmol; 318 mg) in 15 mL ethanol was added and the
mixture turned dark brown almost black immediately. After another 5 min of
stirring, ascorbic acid (0.42 mmol; 74 mg) was added and the reaction was
stirred for 3 h. Afterwards the reaction was cooled down to RT by removing the
heat source. The precipitated Ag NPs were separated by centrifugation at 3000
rpm for 15 min, washed with water, ethanol and acetone, and finally dried in
vacuum. The Ag NPs were then finally dissolved in chloroform. For a general

review about Ag NPs synthesis in organic solvents cf. Sun et al. [2].
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Figure SI-1. Reduction of Ag* ions with NaBH, under the presence of S-dodecylsodium-
sulfate, leading to the formation of Ag NPs. During this reaction the S-S bond cleaves, so
that the final NP is coated with dodecylthiol [1],

The resulting Ag NPs were characterized by transmission electron
microscopy (TEM). For this purpose, a Jeol JEM3010 was used. An image of the
Ag NPs assembled on a TEM grid and the corresponding histogram of the
distribution of the core diameters d. is given in Figure SI-2. Note that the
organic ligands (dodecylthiol) which are present of the Ag core do not provide

contrast in TEM 31,

Average diameter: 4.17+0.44nm

N

A

.

7

Figure SI-2. TEM image and a size distribution of dodecylthiol-capped Ag NPs. The scale
bar corresponds to 50 nm. N denotes the number of counts as determined in the
histogram. The average core diameter d. was found to be 4.2 + 0.4 nm.
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The concentration of Ag NPs was determined via UV/Vis spectroscopy
(Agilent 8453 spectrometer) assuming a molecular extinction coefficient of
€=16,857,700 M-t.cm! ~ 16.9-10¢ M-1.cm! at the surface plasmon peak at 430
nm, cf. Figure SI-3.
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Figure SI-3. Absorption spectrum of Ag-PMA NPs in water. The plasmon peak at 430 nm is
clearly visible.

The molecular extinction coefficient was experimentally derived with the
following procedure. At first the amount of silver c(Ag) [kg:L-1] of a suspension
of Ag-PMA NPs (cf. Chapter I1I) was measured with inductively coupled plasma
mass spectrometry (ICP-MS) and the absorption spectra of a dilution series of
this sample was measured. The mass of the inorganic core of one single Ag NP
was calculated to be m(Ag NP) = pag:V(Ag NP) = pag:(4n/3)-(dc/2)3 = 3.99-10-22
kg = 3.99-10-1¢ mg, based on the experimentally determined core diameter d. =
4.17 nm (cf. Figure SI-2) and the density of bulk silver psg = 10.49 g/cm3. The
volume of one Ag core is V(Ag NP) = 38 nm3. The concentration for all the NP
samples c(Ag NP) [mol-L1] of the dilution series was then calculated as c(Ag
NP) [mol-L1] = c(Ag) [kg-L1] / {m(Ag NP) [kg]-Na [mol-1]}. Where N, = 6.02-1023
mol-! is the Avogadro constant and c(Ag) is the concentration value of Ag atoms
obtained by ICP-MS. Finally these concentrations were plotted against the
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respective absorption values as recorded at 430 nm (with a cuvette of 1 cm
pathlength). The slope of the linear fit of the data yields the extinction
coefficient ¢ (cf. Figure SI-4). A UV/Vis spectra of the Ag NPs dissolved in water
is shown in Figure SI-3. The NPs show the typical surface plasmon band for Ag
NPs at 430 nm. Note that literature values for the extinction coefficient of silver
NPs of sizes between 20 nm and 300 nm in gelatin sols [ vary from
4.16-10° M-1.cm-! (20 nm) up to 8:101t M-1.cm-! (300 nm), and are thus at least

two orders of magnitude higher than the here calculated value.

Adj. R-Square 0.99993
1.2+ Value Standard Error
Slope 1.68577E7 42461.04682

0.8

0.6+

0.4

A (430 nm) [a.u.]

0.2

0.0 T T T T T T 1

0 2 3 B 2 2 2 2
04 \ D,;\O 2 _0*\“ 301‘«0 A D*'\D 5 D*'\B o _M\B 1 ,0*\0

c(Ag NP) [mol-L™]

Figure SI-4. Absorption spectrum of Ag-PMA NPs plotted versus the concentration of Ag
NPs c(Ag NP), which has been determined by ICP-MS.

The molar volume (Vmoiag) of silver is known to be 10.27 cm3-mol-1. The
number of Ag atoms per Ag NP (Nag) thus is Nag = Na-V(Ag NP)/Vinol, ag = 2228 =
2200. The number of surface atoms (Nagsur) of one NP was estimated as
following: the surface of one silver nanoparticle (Asgne) is defined by Aagne =
4-1t-(dc/2)?, with d./2 being the radius of the NP. If each silver atom is assumed
to be a sphere with a covalent radius rag = 0.145 nm, this sphere has a cross-
sectional area of Acrossag = T*I'ag?. The number of surface atoms can be estimated
by Nagsurf = Aagnp/Acrossag = 4+(dc/2)?%/rag? without considering the gaps between
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the atoms. In case of the highest density packing only 90% of the surface area is
covered by atoms, accordingly Nagsut = 0.9-Aagne/Acrossag = 0.9:4+(dc/2)2/rag?.
Finally, the radius (d./2 - rag) was taken for each NP instead of d./2, in order to
consider the curvature of the surface. This leads to the resulting formula Nagsurf
= 0.9-4+(dc/2 - rag)?/rag? with d./2 = 2.084 nm. The number of surface atoms per
NP was thus estimated to be Nagsurr = 0.9-4:(2.084 nm - 0.145 nm)2/(0.145 nm)?
=643 = 650 (= Nagsurf/Nag = 29% = 30%).

Thus concentrations of Ag can be given in three different ways:

- c(Ag) [mg/L] = concentration of Ag atoms in the solution (from the

whole Ag NPs).

- csurf(Ag) [mg/L] = concentration of Ag atoms in the solution which are

situated on the surface of the Ag NPs.
csurf(Ag) = c(Ag) Nagsuri/Nag = 0.29 - c(Ag) (Eq. 1)

- c(Ag NP) [mol/L] = concentration of Ag NPs in the solution.
c(Ag NP) = c(Ag)/(m(Ag NP)-N4) = 4.2 10-° mol/mg - c(Ag) (Eq. 2)

II) Ligand exchange for obtaining hydrophilic Ag NPs (Ag-MUA NPs)

In order to substitute the hydrophobic ligands to hydrophilic ones
dodecylthiol was exchanged with 11-mercaptoundecanoic acid (MUA). The
exchange was done using the following procedure. Hydrophobic Ag NPs as
synthesized above (10 mg NP powder) were dissolved in 20 mL chloroform.
MUA (7.3 mmol; 1.6 g) was dissolved in 130 mL Tris-borate-EDTA buffer (TBE
0.5x) for 45 min in an ultrasonic bath. The Ag NPs solution was added and the
mixture was shaken for 5 min. During this procedure the Ag NPs underwent an

exchange of the ligands and related to this a phase transfer from the chloroform
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to the aqueous phase. To separate the Ag NPs from the organic phase and the
excess ligand, the mixture was centrifuged (2,000 rpm; 20 min). The aqueous
phase with the Ag NPs was then situated on top of the chloroform phase and a
white solid phase which contained the excess ligands. The Ag NP solution was
extracted with a pipette. As further purification step, the Ag NP solution was
concentrated by using a centrifuge filter (100 kDa MWCO). During this
concentration step the Ag NPs were washed with water. This procedure yielded
hydrophilic Ag NPs in which the Ag cores are capped with a monolayer of MUA
(Ag-MUA NPs). After the concentration, the NPs were first purified by gel
electrophoresis. For this purpose a BIO-RAD Power Pack Basic and a BIO-RAD
electrophoresis chamber were used. Tris-borate EDTA buffer (TBE 0.5x) was
used as buffer solution. The NPs were run through a 2% Agarose gel for 1 h at
10 V-cm1. The resulting band, which consists of the purified NPs, was cut out of
the gel and placed into a dialysis membrane tube (50 kDa MWCO). The tube was
filled with fresh TBE, locked at both ends that no buffer could leak out and
placed back into the electrophoresis chamber. By running the chamber for
another 20 min the NPs moved out of the gel but stayed inside the dialysis tube.
The now empty piece of Agarose gel was discarded and the purified NPs were
collected and again concentrated by using a centrifuge filter (100 kDa MWCO).
For further purification, the NPs were run through a high pressure liquid
chromatography (HPLC) set-up. Here an Agilent 1100 Series HPLC machine and
a self packed column filled with Sepharcyl S300-HR were used. The system was
run for 2 hours at a flow rate of 1 mL-min-! and the NPs were collected at their
respective elution peaks (cf. Chapter VI). The last step of the purification was
again the concentration of the Ag NPs by using a centrifuge filter (100 kDa
MWCO).

In order to fluorescence label the Ag-MUA NPs, they were labeled with the
amino-modified fluorophore DY-636 (dyomics). This was done by using EDC (1-
ethyl-3-(3-dimethylaminopropyl) carbodiimide) chemistry [l The same
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method to couple amino-modified PEG to NPs which has been reported in our
previous studies [67] was used to couple the fluorophore to the Ag-MUA NPs.
Hereby the NH; groups of the fluorophore were coupled with EDC to the COOH
groups of the MUA at the surface of the NPs. The amount of EDC which was

needed varied from batch to batch and had to be tested before.

III) Polymer coating for obtaining hydrophilic Ag NPs (Ag-PMA NPs)

Alternatively the hydrophobic NPs were transferred to aqueous phase by
coating them with an amphiphilic polymer. We followed hereby our own
previous protocols [6. For this purpose, first the amphiphilic polymer
(dodecylamine modified poly(isobutylene-alt-maleic anhydride), (PMA) was
synthesized according to Lin et al. [6l. Hereby 75% of the anhydride rings were
reacted with dodecylamine. PMA was dissolved in chloroform as stock solution
of 50 mM, whereby the concentration refers to the number of monomer units.
This stock solution was added to the hydrophobic Ag NPs dispersed in
chloroform. The amount of polymer was adjusted in a way that Ry/area= 100 nm-
2 (monomer units per nm2) of effective surface area of the Ag NPs was added.
The effective surface area is the sum of the effective surface areas of all NPs in
solution, whereby the surface area Aetne = 120 nm? of one Ag NP was calculated
as surface of a sphere with an effective diameter der = 6.2 nm. The effective
diameter comprises the core diameter d.=4.2 nm and 2 times the thickness of
the ligand shell 6. In contrast to our initial protocol, 8] no crosslinker was
added. The chloroform was removed under reduced pressure and the NPs were
dissolved in basic aqueous buffer (50 mM sodium borate buffer; pH 12) and
concentrated by using a centrifuge filter (100 kDa MWCO). Further purification
was carried out in the same way as has been described for the Ag-MUA NPs (cf.

Chapter II).
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In order to obtain fluorescence labeled Ag-PMA NPs, a PMA modified with
the amino-modified dye DY-636 (Dyomics) was used. Attachment of the
fluorophore to the polymer was carried out according to our standard
procedures 6. The plain PMA stock polymer solution (50 mM) as described
above still comprises 25% of closed anhydride rings. 2% of these rings were
used for the modification with the dye. A typical batch was prepared in the
following way. First, 2 mg of the dye were dissolved in methanol and
transferred to a 10 mL round flask. The methanol was completely removed
under reduced pressure to prevent any side reactions. Then, 1.3 mL of the plain
polymer (50 mM monomer concentration) and 4 mL THF were added to the
flask. This mixture was stirred and heated up to 58 °C for at least 24 hours.
Afterwards the solvents were removed under reduced pressure and the dry
modified polymer was again dissolved in 1.3 mL of chloroform to a final
concentration of 50 mM monomer units. The polymer coating procedure with
the dye modified polymer was identical to the one with the plain polymer, as
were the purification steps. The UV/Vis absorption and fluorescence spectra of

dye-modified Ag-PMA NPs are shown in Figure SI-5.
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Figure SI-5. Normalized absorbance A(A) and fluorescence spectra I(1) of DY-636 labeled
Ag-PMA NPs. The absorbance spectrum shows the typical surface plasmon band at 430 nm
originating from the Ag NPs, and the absorption peak of DY-636 at 645 nm. For the
fluorescence spectrum (recorded with a Horiba FluoroLog) the NPs were excited at 645
nm and the emission was recorded from 650 nm to 800 nm. The fluorescence emission
maximum is located at 668 nm.
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IV) PEGylation of polymer coated Ag NPs (Ag-PMA-1PEG, Ag-PMA-satPEG
NPs)

The surface of the Ag-PMA NPs is rich in carboxylic groups 1791 and thus
can be easily modified via EDC (1-ethyl-3-(3-methylaminopropyl)carbodiimide)
chemistry 5] afterwards. We followed here our previously published protocol 7]
for linkage of 10 kDa NH;-PEG-CH3 (Rapp Polymere) via the NH; terminal with
EDC to the COOH groups present on the polymer surface. Two samples were
produced. First, by binding only few polyethylene glycol (PEG) molecules per
NP, and by subsequent fractionation via gel electrophoresis 7], Ag NPs with
exactly one PEG attached per NP were obtained (Ag-PMA-1PEG). For the second
modification the ratio of EDC to polymer was set to a value at which the whole

NP surface is saturated with PEG molecules (Ag-PMA-satPEG).

V) Characterization of NP size and colloidal stability with gel

electrophoresis

The different Ag NP samples were run in a 2% Agarose gel at 10 V-cm-! for
1 h in tris-borate-EDTA buffer (TBE 0.5x). The fact that all Ag NP samples run
on the gel without precipitation demonstrates that the organic surface coating
must be at least decently stable and provides colloidal stability. Dependent on
the hydrodynamic diameter d, and the charge of the NPs, each sample runs with
a different speed, although all the NPs have the same Ag core 310 As reference
10 nm phosphine coated Au NPs were run on the same gel [11l. Assuming similar
surface charge due to -COO- groups for all samples besides the Ag-PMA-satPEG
NPs [71 NPs are fractionated on the gel by size, with the smallest sample running
fastest [31. The Ag-MUA NPs run fastest. Also the Ag-PMA NPs run faster than the
phosphine coated 10 nm Au NPs (British biocell international; phosphine
modification according to Pellegrino et al. [11]). As expected the NPs, which carry
one 10 kDa PEG in addition to the PMA coating (Ag-PMA-1PEG) run slower, and
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the NPs saturated with 10 kDa PEG (Ag-PMA-satPEG) show almost no
movement because of their big size and low charge [71. A gel with all NP samples
is shown in Figure SI-6. Qualitative statements about the relative hydrodynamic

diameters are in correspondence with the data obtained with HPLC.

N
10nm 10nm

Figure SI-6. Comparison of the four different NP samples in a 2% Agarose gel to which an
electric field of 10 V - cm'! had been applied for 1 h. The NPs run from the wells (at the
bottom of the image) towards the positive electrode. A: Ag-MUA NPs; B: Ag-PMA NPs; C:
Ag-PMA-1PEG NPs; D: Ag-PMA-satPEG NPs. 10 nm phosphine stabilized Au NPs were run
as reference [11],

VI) Characterization of NP size and colloidal stability with HPLC

Ag NPs were analyzed with size exclusion chromatography (SEC). For this
purpose, high performance liquid chromatography (HPLC; Agilent 1100 Series)
with a column filled with Sephacryl S300HR and a flow rate of 1 mL-min-! using
phosphate buffered saline (PBS) was used. The fact that all Ag NP samples run
through the column without precipitation demonstrates that the organic
surface coating must be at least decently stable and provides colloidal stability.

The resulting chromatogram is shown in Figure SI-7. The chromatogram shows
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the expected result, in which biggest NPs elute first. For a detailed explanation
we refer to our previous report Sperling et al. Bl. As biggest NPs the Ag-PMA-
satPEG NPs elute first (maximum after 56 min). The Ag-PMA-1PEG NPs elute
second with the maximum after 68 min. The Ag-PMA NPs and the Ag-MUA NPs
elute at almost the same time [maximum at 73 min (Ag-PMA NPs) and 75 min

(Ag-MUA-NPs)].
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Figure SI-7. Size exclusion chromatography of Ag NPs with different surface chemistry.
The absorption A at 430 nm of the eluate is shown.

VII) Characterization of NP size and colloidal stability with dynamic light

scattering

To measure the hydrodynamic diameter d, (with dynamic light scattering,
DLS) and the zeta potential (with laser Doppler anemometry, LDA) of the four
different types of Ag NPs a Malvern Zetasizer was used. All the samples were
equilibrated for 15 min at 25 °C to be sure that the measured movements only
belong to the Brownian motion and not to any thermal conversion. The NP
samples were measured at 173° backscatter settings. The hydrodynamic

diameter dn is a good indicator for the colloidal stability of the NPs. If dj
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increases with time or changed conditions, this is a sign for NP agglomeration.
To probe the colloidal stability of the different NPs the hydrodynamic diameter
of the NP samples under different sodium chloride concentrations and at two
different exposure times were measured. The results are shown in Figures SI-8
to SI-11. The results obtained with the Ag-MUA NPs are clearly different from
the other three NP samples, which involve the polymer coating. The
hydrodynamic diameter of the Ag-MUA NPs increased strongly with an
increasing concentration of sodium chloride. The hydrodynamic diameters of
the other three NP samples stayed more or less constant with increasing
concentration of sodium chloride up to 2.5 M. After 24 h exposure to NaCl, all
the samples were measured again to probe for colloidal stability. The
hydrodynamic diameters of the three polymer coated Ag NP samples stayed
constant in respect to the values determined directly after exposure. Also the
Ag-MUA NPs kept constant hydrodynamic diameter (as compared to the one
determined directly after addition of NaCl) up to a sodium chloride
concentration of 160 mM. The Ag-MUA NPs exposed to higher NaCl
concentration were completely agglomerated, precipitated, and thus could not
be measured any more. It has to be pointed out that the measurements here
involving NaCl exposure are much more sensitive to colloidal instability than
simple analysis that NPs are running in HPLC columns / Agarose gels upon gel
electrophoresis. Thus these data clearly indicate that Ag-MUA NPs have a
clearly reduced colloidal stability compared to the samples involving Ag-PMA
NPs. The hydrodynamic diameters are summarized in Table SI-1. Please note
that we would have expected a higher hydrodynamic diameter of Ag-PMA-
satPEG NPs, in accordance with HPLC data.
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Figure SI-8. Probing of the colloidal stability of Ag-MUA NPs in solutions with different
NaCl concentration via DLS. The number distribution N of the hydrodynamic diameter dj
is plotted after 1 h and 24 h exposure time. After 24 h the NPs which had been mixed with
2.5 M NaCl were completely agglomerated and precipitated.
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Figure SI-9. Probing of the colloidal stability of Ag-PMA NPs in solutions with different
NaCl concentration via DLS. The number distribution N of the hydrodynamic diameter dj
is plotted after 1 h and 24 h exposure time.
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Figure SI-10. Probing of the colloidal stability of Ag-PMA-1PEG NPs in solutions with
different NaCl concentration via DLS. The number distribution N of the hydrodynamic

diameter dy is plotted after 1 h and 24 h exposure time.
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Figure SI-11. Probing of the colloidal stability of Ag-PMA-satPEG NPs in solutions with
different NaCl concentration via DLS. The number distribution N of the hydrodynamic
diameter dy is plotted after 1 h and 24 h exposure time.
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Table SI-1. Summary of mean hydrodynamic diameters d, (nm) and their corresponding
standard deviation, as derived from the data presented in Figures SI-8 to SI-11.

t=0h

c(NaCl) 0mM 20 mM 160 mM 25M
Ag-MUA 11.23+44  1354:42  9348:639 1180361
Ag-PMA 12.04+27 997 +2.4 10.60 + 2.4 13.77 3.3
Ag-PMA-1PEG 1322+38  1236+38  10.87+35 12.88+3.9
Ag-PMA-satPEG 1216+3.0  12.68+32  13.49+3.6 20.84+59
=24 h

c(NaCl) 0 mM 20 mM 160 mM 2.5M
Ag-MUA 1191+52  1146+39  1223+421  —ow
Ag-PMA 11.27+28  1052+25  11.19%26 14.82 + 4.1
Ag-PMA-1PEG 11.87+37  1187+35  1219+36 13.43+3.9
Ag-PMA-satPEG 12.09+32  12.67+34  1426+3.9 25.64 + 7.6

Another parameter for the colloidal stability of the NPs is their zeta
potential. In combination with the hydrodynamic diameter it is possible to
conclude if the colloidal stability of a NP sample is derived via electrostatic
interaction or steric hindrance [12l. In Table SI-2 the values of the zeta potential
of the different NP samples are shown. It is known from literature that particles
with a zeta potential of +30 mV to #40 mV show a moderate colloidal stability
[131. For the Ag-MUA, Ag-PMA, Ag-PMA-1PEG NPs the zeta potentials are above
20 mV, which indicates that the colloidal stability of these samples originates
from electrostatic repulsion. Within these three samples the Ag-MUA NPs show
the smallest zeta potential (-24.9 mV). This might be the reason why these NPs
start to agglomerate easier than the others upon presence of salt. On the other
hand, the Ag-PMA-satPEG NPs have a zeta potential of ca. -11 mV. This value is a
sign that their colloidal stability is caused by the steric hindrance of the PEG

molecules on their surface.
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Table SI-2. Zeta potential values of the four different Ag NP samples.

Sample Zeta potential [mV]
Ag-MUA -249+1.7
Ag-PMA -31.0+1.3

Ag-PMA-1PEG -41.1+£1.5
Ag-PMA-satPEG -109%0.4

VIII) Characterization of NP corrosion with ICP-MS

In order to quantify the amount of Ag* ions which have been released
from the Ag NPs, the dissolved silver was separated by ultracentrifugation and
ultrafiltrates were analyzed by ICP-MS. Corrosion was either probed in water or
under acidic (pH 3) conditions. Samples for the pH 3 release experiment were

prepared from the original NP samples dissolved in water by addition of HNOs.

The concentration of total silver in the Ag NP suspensions cw: (Ag)
(= released Ag* ions and Ag in undissolved Ag NPs) was determined by ICP-MS.
Note that in Chapter | we assumed that all Ag was associated with the Ag NPs
and that there is negligible corrosion (i.e. c(Ag)=cw:(Ag)). For this, a Perkin-
Elmer Sciex model ELAN DRC-e ICP mass spectrometer equipped with a
concentric nebulizer and a cyclonic spray chamber was used. Ag NP suspension
were diluted with ultrapure water and analyzed directly. Both dissolved silver
and silver NPs behave in the ICP-MS in a similar way ['4l. In our series solutions
containing 15-30 mg-L-'1 Ag were analyzed (cwi(Ag)=28.06£0.23 mg-L1 for
Ag-MUA NPs;  cw0i(Ag)=15.33+0.02 mgL! for Ag-PMA NPs; and
Crot(Ag)=22.76%0.12 mg-L-1 for Ag-PMA-satPEG NPs).

In a next step, the dissolved Ag* ions c(Ag*) were isolated by removing the
undissolved Ag NPs cnp(Ag) using Nanosep Pall centrifugal ultrafilter devices
with polyethersulfone membrane with 3 kDa MW cut-off. The nominal pore size

of the 3 kDa membranes is not available, but the manufacturer quotes a pore
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size diameter of 5 nm for 50 kDa cut-off membranes. Ultrafilter devices were
washed by centrifugation with 500 uL of ultrapure water twice. The second
washing was kept to check for any potential contamination. Ag NP suspensions
were sonicated for two minutes, 300 uL of the suspension were subjected to
centrifugation for 15 min at 9000 rpm at 20 °C. The ultrafiltrate (ca. 275 puL,
which contains the Ag* ions; the Ag NPs are too big to pass the membrane) was
diluted up to 10 mL with ultrapure water prior the ICP-MS analysis. ICP-MS
determination of Ag* in the flow through c(Ag*) was correlated to the total
amount of Ag cw:(Ag) and thus the fraction of Ag* released from the Ag NPs was
determined: c(Ag*)/cwi(Ag). This was applied to the silver NP suspensions and
the released Ag* was measured weekly. After 14 days, silver was just detected
in the ultrafiltrate of the sample Ag-PMA NPs. The same was done for Ag NP

suspension at pH 3. Results are summarized in Table SI-3.

Table SI-3. The amount of released Ag* ions c(Ag*)/cit(Ag), in dependence on their
exposure to water or acidic solution. At day 0 all residual Ag* had been removed by
ultrafiltration.

Sample released Ag (water): c(Ag*)/cwt(Ag) [%0]

day 0 day 7 day 14
Ag-MUA <0.0015 <0.0015 <0.0015
Ag-PMA <0.0015 <0.0015 0.146+0.001
Ag-PMA-satPEG <0.0015 <0.0015 <0.0015
Sample released Ag (pH 3): c(Ag*)/cwt(Ag) [%]

day 1 day 7
Ag-MUA 0.781+0.002 1.316+0.002
Ag-PMA 1.120+0.004 1.390+0.003
Ag-PMA-satPEG 0.701+0.001 0.735+0.001

The following controls and characterizations were performed. In case no
Ag is lost during the separation of Ag* from Ag NPs, cwi(Ag)=c(Ag*)+cnr(Ag).
However, Ag+ might be lost by adsorption to the filter membrane. Thus the

behavior of the polyethersulfone membranes with respect to the adsorption of
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Ag+ was studied by ultrafiltration of Ag* solutions in ultrapure water at two
concentration levels (0.2 and 20 mg-L-1). 99.70%+1.32 and 102.81%%2.00 of the
Ag* was recovered upon filtering 20 mg-L-1 and 0.2 mg-L! of Ag* solutions,
respectively. This demonstrates that retention of the ionic silver subjected to
ultrafiltration can be considered negligible. Also the detection limit of Ag with
the used ICP-MS set-up was determined. For this purpose, silver in the
ultrafiltrates was determined by using the 197Ag isotope. Attainable limits of
quantification (10 times the standard deviation of the blank criterion) were
10 ng L1 Taking into account the dilution of the ultrafiltrates, the limits of
quantification referred to the suspensions were 333 ng Ll Thus for a
suspension with a total silver content of 20 mg L-1, the procedure followed was

able to detect the release of a 0.0015% of silver from the NPs.

IX) Viability tests

NIH/3T3 embryonic fibroblasts were seeded in a 96-well-plate at a cell
density of 3-10% cells/well in 100 pL growth medium (DMEM-F12 Ham's basal
medium supplemented with 10% calf serum, 1% L-glutamine and 1%
penicillin/streptomycin). The next day, the cells were incubated with the
different NPs and with the AgNO3 solution (which acted as positive control) for
24 h. All concentrations were done in duplicate and each experiment was
performed at least 3 times. Cells that were not treated with Ag served as a
negative control for viability. After 24 h, the cells were washed once with PBS
and 100 pL of a 10% resazurin solution (in growth medium) were added to
each well and incubated for 3 h at 37 °C and 5% CO.. Resazurin is a blue, non-
fluorescent sodium salt, which is converted to resorufin by metabolically active
cells. Resorufin is a pink, fluorescent sodium salt that accumulates outside the
cells. This reduction process requires functional mitochondrial activity which is
inactivated immediately after cell death. Fluorescence spectra were measured
using a 96-microwell plate reader connected to a Fluorolog®
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spectrofluorometer (Jovin Yvon) at an excitation wavelength of 560 nm. The
emission was recorded in the range of 572-650 nm with 1 nm resolution and a
slit of 5 nm. Firstly, the mean of the intensities of the emission spectra of the
duplicates was calculated and then, the maximum intensity values found in the
range 578-585 nm were also averaged. The mean background signal (640-650
nm) was subtracted from the mean maximum emission values and
subsequently normalized with the maximum fluorescence value obtained. The
maximum fluorescence value corresponded not always to the untreated cells,
probably due to the formation of hydroresorufin, a transparent non-fluorescent
product which is formed upon further reduction of resorufin by viable cells. The
means of the normalized fluorescence intensity values of the three experiments
were plotted against the different concentrations of Ag. A sigmoidal distribution
was obtained and fitted with the function of a logistic dose response curve,
which enabled us calculating the Ag concentration yielding 50% cell death
(LDsg). According to the results obtained by measuring the resorufin formation
by living cells, the different sources for Ag exhibited increased toxicity (mean
LDso values). The data of one experiment, together with the corresponding fit

are shown in Figure SI-12.
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Figure SI-12. Resazurin-based viability test of 3T3 fibroblasts which had been incubated
for 24 hours with Ag NPs. Onset of fluorescence (as quantified by the measured intensity I),
is an indicator for viability of cells. The amount of Ag is quantified in the amount of Ag
atoms which are present on the NP surface (csurf(Ag)). In case of AgNO3 as silver source
concentrations are given in terms of total amount of Ag c(Ag). In each graph two
independent sets of data are shown with each data point of each set corresponding to the
mean value +the standard deviation.
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ABSTRACT

The aim of this study was to assess the toxicological risks arising
from the coexistence of polyethylene glycol coated single-walled carbon
nanotubes (SWCNTs-PEG) and a known environmental contaminant: 4-
nonylphenol (NP). To this end, in vitro toxicity assays involving exposure
of 3T3-L1 cells (mouse embryonic fibroblasts) to SWCNTs-PEG, alone or in
combination with NP, for 24 or 48 h were performed. Experimental
treatments were conducted in both presence and absence of serum (10%)
in order to assess its influence on the toxicity of SWCNTs-PEG. Although
the results provided no unambiguous evidences of synergistic toxicity

between SWCNTs-PEG and NP, some specific treatments with mixtures
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(SWCNTs-PEG+NP) resulted in an unexpected combined toxicity in

relation to the individual treatments. Only in those few cases did the

interaction between SWCNTs-PEG and NP had a synergistic effect on the

resulting toxicity. The addition of 10% serum increased the stability of

SWCNTs-PEG in the culture medium —possibly by effect of steric

interactions— and reduced the toxicity of the nanoparticles as a result.

Overall, the serum had a “protective effect” on cells against all treatments

with SWCNTs-PEG, NP or their mixtures (SWCNTs-PEG+NP). Raman

spectroscopy allowed the intracellular distribution of SWCNTs-PEG to be

elucidated.

GRAPHICAL ABSTRACT
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1. INTRODUCTION

By virtue of their extremely small size, nanoparticles possess unique
physicochemical properties such as a high specific surface area and increased
reactivity [1]. Carbon nanotubes (CNTs) are nanoparticles consisting of a
variable number of graphene layers rolled into cylindrical tubes [2]. CNTs can
be classified according to the number of graphene layers they contain as single-
walled carbon nanotubes, double-walled carbon nanotubes or multi-walled
carbon nanotubes [3]. These nanoparticles have proved useful in a wide range
of fields including electronics [4], composite materials [5], coatings and films
[6], catalysts support [7], energy storage [8], desalination and water
purification [9], medicine [10], sensors [11], and sample treatment [12]. The
increasing production and use of CNTs lead to their continuous release into the
environment, where they can easily interact with other compounds thanks to
their excellent sorption capacity. Besides, interactions given between CNTs and
pesticides [13,14], pharmaceuticals [15,16], phthalate esters [17] and phenolic
compounds [18,19] have been exploited in many analytical applications. These
facts led us to examine the effect of the coexistence of CNTs with other
environmental pollutants with a view to establishing more realistic scenarios

for their toxicological evaluation.

4-nonylphenol (NP) is the degradation end-product of alkylphenol
polyethoxylates, which are extensively used as nonionic surfactants in cleaning
and personal-care products, plastics, paints, textiles, pesticides and many other
synthetic products [20,21]. It is estimated that 60-65% of the overall
production of these compounds ends in the aquatic environment [22]; this has
fostered research into their potential toxicological effects. NP is considered an
environmental endocrine disruptor and known to cause morphological changes,
oxidative stress and apoptosis in various cell lines [23-25]. Also, its adverse

effects on reproduction in vertebrates have been examined [26].
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The widespread use of CNTs and NP, together with the fact that
contaminants are not isolated in the environment, increases the likelihood of
interaction between both species. Even though the toxicity of the individual
compounds is well-known, their mixtures may induce unexpected toxic effects
[27]. The combined toxicity of mixtures of nanoparticles with other
environmental pollutants has already been the subject of several studies [27-
35]. As can be seen from Table 1, some studies have exposed marked
synergistic and antagonistic effects, whereas others have provided no
unambiguous evidences in this respect. Very little is currently known about the
combined toxicity of CNTs and NP despite the fact that interactions between the
two are more than likely and have provided the basis for analytical methods

using CNTs to extract NP from various types of matrices [18,36].

The primary purpose of this work was to evaluate for the first time the
toxicological risks associated with the presence of polyethylene glycol coated
single-walled carbon nanotubes (SWCNTs-PEG) in combination with a known
endocrine disruptor: 4-nonylphenol (NP). In vitro toxicity was examined in
methyl thiazolyl tetrazolium (MTT) assays where 3T3-L1 mouse embryonic
fibroblasts were exposed to both species alone or in combination. Treatments
were conducted at variable exposure times and concentrations of NP and
SWCNTs-PEG. The influence of the presence of serum (10%) in the culture
medium on the stability of SWCNTs-PEG —and hence on the global toxicity—
was also evaluated. The agglomeration state of nanoparticle dispersions was
examined by transmission electron microscopy (TEM) and their intracellular

distribution elucidated by Raman spectroscopy.
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2. EXPERIMENTAL

2.1. Chemicals and reagents

Single-walled carbon nanotubes 0.5-0.6 pm in length and 4-5 nm in
diameter coated with polyethylene glycol (SWCNTs-PEG) were obtained from
Sigma-Aldrich (St. Louis, MO, USA). According to the manufacturer, their carbon
basis is 280% and their content in trace metals about 4-5%. Stock dispersions
of SWCNTs-PEG at a concentration of 0.26 mg mL-! were freshly prepared in
10% serum-containing and serum-free culture media, and homogenized by
sonication with a VibracellTM 75041 ultrasonic probe (750 W, 20 KHz, Bioblock
Scientific, Illkirch, France) with a diameter of 3 mm and an amplitude of 30%
(225 W). The resulting dispersions were then autoclaved and stored until

needed.

4-nonylphenol (NP), which was used as a model environmental
contaminant, was purchased from Sigma-Aldrich (Madrid, Spain). Stock

solutions of NP were freshly prepared in dimethyl sulfoxide (DMSO, 299.9%).

Binary mixtures (SWCNTs-PEG+NP) were prepared by blending the
SWCNTs-PEG dispersion with the NP solution and allowing them to stand for
1 h before incubation with cells. The final concentration of DMSO in treatments
was always below 0.1%, so, based on previous reports [27], it had no effect on

cell viability.

2.2. Cell culture and treatment

3T3-L1 cells obtained from the American Type Culture Collection
(Manassas, VA, USA) were seeded onto 6- or 12-well plates at a density of 3000
cells/cm? and incubated in Dulbecco’s low glucose modified Eagle’s Medium
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(DMEM) containing 10% fetal bovine serum (FBS), 4 mM glutamine and 1%
antibiotic-antimycotic solution at 37 °C in a humidified atmosphere with 5%
CO2. On day 3-4 of culture, the medium was removed and cells were exposed to
variable concentrations of SWCNTs-PEG and NP alone or in combination, in
10% FBS containing or FBS-free DMEM for either 24 or 48 h. Control cells were
cultured in parallel in medium containing 0.1% DMSO alone for 24 or 48 h. At
the end of each experiment, the medium was removed, cells were rinsed with
phosphate buffered saline (PBS) and cell viability was evaluated by using the

MTT assay according to the manufacturer’s instructions.

2.3. TEM analysis

TEM images were obtained with a field emission JEM-2100F TEM (JEOL,
Inc.) equipped with a CCD camera (SCAI, Cérdoba, Spain), using an acceleration
voltage of 100 kV. SWCNTs-PEG at a 0.26 mg/mL concentration were dispersed
in serum-free DMEM and in PBS under sonication. TEM samples were prepared
by directly depositing a droplet (10 pL) of each dispersion onto a copper grid
coated with Formvar film. This was followed by drying and evacuation before

analysis.

2.4. MTT cytotoxicity assays

Cell viability was assessed with the 3-(4,5-dimethyl-2-thiazolyl)-2,5-
diphenyl-2H-tetrazolium bromide (MTT) assay after 24 or 48 h exposure to
variable concentrations of SWCNTs-PEG, NP and SWCNTs-PEG+NP. The MTT
assay is based on the conversion of yellow MTT tetrazolium salt to dark blue
formazan crystals by the action of mitochondrial succinate dehydrogenase in
living cells. After DMSO is added to dissolve the crystals, the concentration of
formazan per well is quantified by measuring the absorbance at 570 nm [7].

Briefly, 1 mL of MTT solution at a 0.1 mg/mL concentration in culture medium
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was added to each well and incubated at 37 °C for 5 h. After removing the
supernatant, the cells were rinsed twice with PBS and then supplied with 1 mL
of DMSO to dissolve the formazan. The absorbance values obtained at 570 nm
were directly proportional to the number of viable cells present in the samples.
The untreated cells are used as control (100% viable) and cell viability values

from treatments are expressed as a percentage relative to the control.

2.5. Raman Imaging

Raman spectra and images were obtained with an alpha500 R Confocal
Raman Microscope equipped with a frequency doubled NAYAG laser with
532 nm excitation. A WITec UHTS 300 spectrometer and a DU970N-BV
(EMCCD) camera (16x16 um pixel size, 1600x200 pixels) were additionally
connected to the microscope. WITec Project Plus software was used for

advanced data evaluation.

For analysis, 3T3-L1 cells were seeded at a density of 3000 cells/cm? onto
0.1 mg/mL poly-L-lysine coated round cover slips in DMEM. Cells were exposed
for 24 h to SWCNTSs-PEG samples prepared in 10% FBS-containing DMEM. 3T3-
L1 cells incubated in medium alone (without SWCNTs-PEG) were used as
control. Treated cells were rinsed twice with PBS and then fixed with 4%
paraformaldehyde for 15 min. After washing with PBS three times, the cover
slips were placed on top of 22x22 mm, 0.16-0.19 mm thick glass slides from
Emsdiasum (Hatfield, UK). Adherent cells on the slips were brought into focus

in order to record Raman spectra and images.

2.6. Statistical analysis

Cell viability was expressed as a mean * standard error. Experiments

were repeated at least three times on different cell preparations, and a

322



1V.2. Effects of interaction of SWCNTSs with nonylphenol on their toxicity

minimum of three replicate wells per treatment were tested in each
experiment. Samples from all groups within an experiment were processed
simultaneously. A paired Student’s t-test was used to compare treatments.
Statistical significance was set at P<0.05. Statistical analyses were performed by

using the software SPSS v. 13.0 (IBM, Chicago, IL).

3. RESULTS

SWCNTs and NP were selected as target substances to evaluate the
toxicological effects of their interaction for two main reasons. On the one hand,
both are present in numerous consumer products, which confers them ubiquity
and a high likelihood of coming into contact with living organisms; on the other,
the two species can be expected to interact owing to the exceptional sorption
capacity of CNTs which has been exploited in numerous analytical
methodologies [18,19]. Although the individual toxicity of each species is well-
known, the toxicological consequences of their coexistence and interaction

warrant investigation.

SWCNTs, like all other CNTs, are intrinsically insoluble and tend to
agglomerate in water. The dispersion status of nanoparticles is a key factor
influencing their interaction with cells —and hence, their toxicity. In this work,
we initially chose commercial SWCNTs coated with polyethylene glycol as
target nanoparticles in order to prepare more stable aqueous dispersions than
those obtained with uncoated nanoparticles. The greater stability of SWCNTs-
PEG in aqueous solutions may be explained by enhanced electrostatic and steric

repulsion forces between adjacent nanoparticles [3].
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3.1. TEM analysis

Characterizing nanoparticles is a crucial pre-requisite for assessing their
toxicity. Detailed information about SWCNTs-PEG was obtained from the
manufacturer (Sigma-Aldrich) and is given in Section 2.1. Fig. 1 shows TEM
images obtained from dispersions of SWCNTs-PEG prepared in PBS and serum-
free medium. The images revealed the widespread presence of SWCNTs-PEG
bundles/aggregates of varying length and diameter forming a dense network of
nanofibers. In general, nanoparticles tended to aggregate in both media (PBS

and culture medium), albeit to a slightly greater extent in serum-free medium.

Figure 1. Transmission electron microscopy (TEM) images of SWCNTs-PEG dispersed in
(A) PBS and (B) serum-free culture medium.

3.2. Toxicity of SWCNTs-PEG, NP and their mixtures on 3T3-L1 cells

3.2.1. 24 h exposure tests

The combined toxicity of SWCNTs-PEG and NP was examined in
preliminary assays conducted at two different concentrations of NP (0.1 and 1
mg/L), both alone and in combination with 24 mg/L SWCNTs-PEG. As can be
seen from Fig. 2, increasing the NP concentration from 0.1 to 1 mg/L led to a
significant decrease (P>0.05) in cell viability relative to untreated cell cultures.

Also, exposure to SWCNTs-PEG alone (24 mg/L) resulted in the highest cell
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mortality rate found (248%). However, the toxicity of binary mixtures of NP
and SWCNTs-PEG was strongly dependent on that of the more cytotoxic species
present (viz., SWCNTs-PEG) and roughly independent of the NP concentration
added. No conclusive results were obtained from these experiments,
consequently, a second series was conducted with higher NP concentrations (2,
5 and 10 mg/L), either alone or in combination with SWCNTs-PEG (2.6 and 13
mg/L) (see Fig. 3). In addition, we investigated whether the presence of serum
in the culture medium affected the response of cells to NP and/or SWCNTs-PEG.
Serum proteins are known to be able to coat CNTs and provide them steric
stabilization thereby, reducing their tendency to agglomerating and their
toxicity in biological environments [37,38]. It should be noted that strong
interactions between SWCNTs and FBS were previously reported: serum
proteins were found to attenuate the inherent toxicity of these nanoparticles

and influence their uptake by cells [39-41].

120 -
100 f
g
§ 80 - @ Control
‘s 0.1 mg/LNP
X
< 60
2z @1 mg/L NP
5 824 mg/L SWCNTs-PEG
g 00.1 mg/LNP + 24 mg/L SWCNTs-PEG
20 1 B 1 mg/L NP + 24 mg/L SWCNTs-PEG
O i

Differenttreatments

Figure 2. Cell viability data measured after treatments with NP (0.1 and 1 mg/L),
SWCNTs-PEG (24 mg/L) and their mixtures. The results were obtained by using the MTT
assay after 24 h exposure in FBS-free culture media and are expressed as mean # standard
error for at least three independent experiments.
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Fig. 3 shows the viability of 3T3-L1 cells exposed to different individual
treatments with NP (2, 5 and 10 mg/L) and SWCNTs-PEG (2.6 and 13 mg/L), as
well as their binary mixtures, for 24 h. Experiments were conducted in both
10% FBS-containing and serum-free media. In contrast to 24 mg/L
concentration, 2.6 and 13 mg/L concentrations of SWCNTs-PEG in either
culture media (with or without FBS) had no toxic effect on the cells. However,
3T3-L1 cell viability was greatly decreased by all concentrations of NP (2, 5 and
10 mg/L), whether alone or in combination with SWCNTs-PEG, in serum-free
media. Interestingly, 3T3-L1 cell viability in 10% FBS-containing media was
only reduced by the highest NP concentration used (10 mg/L), both alone and
in combination with SWCNTs-PEG; nevertheless this cytotoxic effect remained
lower in magnitude than that exerted by this same concentration of NP in

serum-free media.

24 h exposure

120 -
@ Control

_I_ 02.6 mg/L SWCNTs-PEG
100 A
B 13 mg/L SWCNTs-PEG

02 mg/L NP
80 1
02 mg/L NP + 2.6 mg/L SWCNTs-PEG
60 - B2 mg/L NP + 13 mg/L SWCNTs-PEG
B5mg/L NP

40 1 O5mg/L NP + 2.6 mg/L SWCNTs-PEG

Cell viability (% of control)

@5mg/L NP + 13 mg/L SWCNTs-PEG
20 ®10mg/L NP

B 10 mg/L NP + 2.6 mg/L SWCNTs-PEG

0 W10 mg/L NP + 13 mg/L SWCNTs-PEG
without serum with serum

Figure 3. Cell viability percentages of 3T3-L1 cells exposed to variable concentrations of
NP (2, 5 and 10 mg/L), SWCNTs-PEG (2.6 and 13 mg/L) and mixtures, in 10% serum-
containing and serum-free culture media for 24 h. All results are expressed as mean *
standard error for at least three independent experiments.
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These results confirm that the presence of serum increases the tolerance
of cells to all treatments with NP, SWCNTs-PEG and their mixtures. Overall, no
synergistic toxic effects from the mixtures of NP and SWCNTs-PEGs in either
culture medium (with or without FBS) were observed. In the presence of serum,
however, the mixture consisting of 2 mg/L NP and 13 mg/L SWCNTs-PEG, and
that containing 5 mg/L NP and 2.6 mg/L SWCNTs, led to higher mortality rates
than when SWCNTs-PEG and NP were tested individually at those same
concentrations. Consequently, for those cases the unexpected toxicity of the
mixtures can be ascribed to a synergistic action of SWCNTs-PEG and NP. Table 2
provides comprehensive information about cell viability as measured in the

24 h experiments.

Table 2. Viability of 3T3-L1 cells exposed to NP and/or SWCNTs-PEG in serum free (A)
and 10% FBS containing media (B) for 24 h. Data are presented as mean * standard error
for at least three independent experiments.

A)
24h exposure in FBS free media
NP (mg/L) SWCNTs-PEG (mg/L)
0 2.6 13 24
0 100.0+1.5 979 +2.7 84.5+7.3 572+12.4
0.1 81.7+3.5 n.a n.a 63.3+438
1 70.0+1.2 n.a n.a 71.7 £ 8.3
2 3.2+0.2 78+4.4 34+0.2 n.a
5 40+04 3.6+04 35+0.1 n.a
10 34+0.6 35+0.3 35+£0.6 n.a

n.a: no available information

B)
24h exposure in 10 % FBS containing media
NP (mg/L) SWCNTs-PEG (mg/L)

0 2.6 13
0 100.0+2.4 98.1 £ 3.0 102.5+5.2
2 105.1+3.1 100.2+ 3.5 68.2+8.5
5 99.8 + 2.3 87.7 £2.0 103.0+ 4.0
10 40.3 6.5 414 +7.4 38.7+3.3
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3.2.2. 48 h exposure tests

The above-described study was expanded by increasing the exposure
time from 24 to 48 h. Only SWCNTs-PEG was tested in serum-free media, given
the high toxicity of NP observed in the previous 24 h experiments. Intriguingly,
the presence or absence of serum in culture medium conditioned that 13 mg/L
of SWCNTs-PEG showed or not cytotoxicity on cells (89.9 = 3.8 vs 44.3 * 4.2;
Table 3). This result is consistent with previous findings where the addition of

serum significantly altered the toxicity of nanoparticles [41].

All other 48 h treatments were conducted in 10% FBS-containing culture
media. The treatments with 2 and 5 mg/L NP led to near 100% cell viability,
whereas 10 mg/L NP caused high cell mortality. The combination of SWCNTs-
PEG with 2 mg/L or 5 mg/L NP slightly reduced cell viability relative to NP
alone, the reduction being independent of the concentration of SWCNTs-PEG
added. For most experiments, the cytotoxicity of the mixtures was strongly
influenced by the cytotoxicity of the more toxic species (i.e., SWCNTs-PEG); also,
because both concentrations of SWCNTs-PEG (2.6 and 13 mg/L) led to identical
cell viability percentages, the corresponding mixtures with NP also resulted in
similar cell mortality rates. Only the combination of 5 mg/L NP and 13 mg/L
SWCNTSs-PEG resulted in increased cell mortality despite the absence of toxic
effects observed for individual treatments with SWCNTs-PEG and NP at those
same concentrations. This suggests a potential synergistic effect. No evidence of

combined toxic effects was found with 10 mg/L NP, however.
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Table 3. Viability of 3T3-L1 cells exposed to NP and/or SWCNTs-PEG in serum free (A)
and 10% FBS containing media (B) for 48 h. Data are presented as mean * standard error
for at least three independent experiments.

A)
48h exposure in FBS free media
NP (mg/L) SWCNTSs-PEG (mg/L)
0 2.6 13
0 100.0 £ 2.5 133.1+23.0 443+42
B)
48h exposure in 10 % FBS containing media
NP (mg/L) SWCNTs-PEG (mg/L)
0 2.6 13
0 99.3+1.6 89.1+4.2 89.9+38
2 101.5+2.1 942 +22 94.0+3.6
5 112.2+12.3 86.4 £ 6.6 77.7+5.9
10 74+18 10.5+3.2 72+3.2

Fig. 4 compares the results of the 24 h and 48 h experiments in 10% FBS-

containing culture media.

140 - 10% FBS containing culture media

@ Control

120 1 02.6 mg/L SWCNTs-PEG
@13 mg/L SWCNTs-PEG
5 100 1 @2 mg/L NP
€
8 02 mg/L NP + 2.6 mg/L SWCNTs-PEG
S 80
L % @2 mg/L NP + 13 mg/L SWCNTs-PEG
2z
= 4 =]
% 60 5mg/L NP
2 B5mg/L NP + 2.6 mg/L SWCNTs-PEG
3
O 401 B5mg/L NP + 13 mg/L SWCNTs-PEG
B 10 mg/L NP
20 4
® 10 mg/L NP + 2.6 mg/L SWCNTs-PEG
0 - i W10 mg/L NP + 13 mg/L SWCNTs-PEG

24 h exposure 48 h exposure

Figure 4. Cell viability percentages of 3T3-L1 cells exposed to variable concentrations of
NP (2, 5 and 10 mg/L), SWCNTs-PEG (2.6 and 13 mg/L) and SWCNTs-PEG+NP in 10%
serum-containing media for 24/48 h. All results are expressed as mean # standard error
for at least three independent experiments.
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Overall, increasing the exposure time had no substantial effect on cell
viability. By exception, the highest NP concentration (10 mg/L) increased cell
mortality in a time-dependent manner, but no appreciable differences between

individual treatments or mixtures were observed.
3.3. Raman Imaging

The use of Raman Spectroscopy for imaging living cells is fairly recent
[42-47]. Raman spectra exhibit narrow spectral peaks that allow distinct
chemical species in complex cellular environments to be measured with the
added advantage of obtaining comprehensive molecular information about
single cells [42,43]. In Raman microscopy, the spectral distribution of bands is
determined, and the intensity of each band mapped, to construct a Raman
image [43]. Finally, there will be as many Raman images as peaks of interest
previously set. An overlay image is constructed by assigning different color
channels to the different Raman images obtained from a sample. In this work,
the Raman peaks were assigned according to literature reports [3,44]. Fig. 5

shows an optical image (100x) and the Raman spectrum for SWCNTs-PEG.

35000 1 G band
30000 -

25000 -
20000 -
15000 -
10000 -

5000 1 D band A

300 800 1300 1800 2300 2800 3300 3800

CCD counts

Raman shift (cm-?)

Figure 5. Optical image (100x) and Raman spectrum for SWCNTs-PEG.
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The D and G bands in the spectrum (1316 and 1595 cm-!, respectively)
are typical of graphitic carbon structures such as SWCNTs. The D band is
sensitive to defects in the graphitic structure, whereas the G band corresponds
to E2g modes (stretching vibrations) [3]. As can be seen, the D band was barely
visible, which suggests a lack of structural defects in the SWCNTs-PEG.
Consequently, we selected the G band (peak at 1595 cm-!) to identify the
presence of these nanoparticles in biological samples. For cells, we selected the
band at 2800-3000 cm-! (peak at 2936 cm-1), which usually corresponds to
symmetric and asymmetric stretching of CH, CH, and CH3 [44].

The Raman images for 3T3-L1 cells cultured in the absence of SWCNTs-
PEG were constructed from the band 2800-3000 cm-!, typical of cells (see
Fig. 6).

OPTICAL
IMAGES

RAMAN
IMAGES

Figure 6. Optical images (50x) of mapped areas and Raman images of cells (2800-3000
cm1),
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Further analyses were conducted on 3T3-L1 cells incubated with 13 mg/L
SWCNTSs-PEG for 24 h. Fig. 7 shows the Raman images and spectra obtained for

a single cell.

A)
16000 1 1595 et - 6000
14000 1 L 000
12000 1
A i X 1L
£ 10000 | P 2800-3000 cm 4000 g5
E CELL ¢ - 3
S 8000 1, Pt uhy - 3000 8
O J O
S 6000 \‘ L 2000 O
SWCNTs-PEG L
2000 - 1000
0 0

300 800 1300 1800 2300 2800 3300 3800
Raman shift (cm-t)

Optical image Overlay

Raman image

Figure 7. Imaging of the cellular distribution of SWCNTs-PEG in a 3T3-L1 cell after 24 h
exposure to a 13 mg/L concentration of SWCNTs-PEG. (A) Average Raman spectra for
SWCNTs-PEG and 3T3-L1 cells obtained from each Raman image. (B) Optical image
(100x) of mapped area, and Raman images of cell (2800-3000 cm-1) and SWCNTs-PEG
(1595 cm1). The overlay Raman image was obtained by assigning different color channels
to each Raman image (blue for cell and red for SWCNTs-PEG).

As can be seen, the Raman signal for SWCNTs-PEG clearly reflected the
intracellular distribution of the nanoparticles and confirmed that they
accumulated extensively into cells upon exposure. Moreover, the presence of
the Raman band for cells in the SWCNTS-PEG spectrum and viceversa confirms
the interaction between cells and nanoparticles. Regarding intracellular

distribution, SWCNTSs-PEG distributed throughout each cell —nucleus excepted.
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SWCNTs have a tubular shape that facilitates penetration of different
types of membranes, uptake by cells and strong interactions with various
protein systems; this property is referred to as the “snaking effect” [48]. To
date, two main mechanisms have been used to explain the uptake of
nanomaterials by cells. One is endocytosis/phagocytosis, which is an active
process by which a cell engulfs extracellular particles by forming a vesicle that
is integrated into the cell. The other is nanopenetration, which is a passive
process that allows nanoparticles to diffuse directly across cell membranes [2].
Based on previous findings with PC12 and A549 cells, SWCNTs tend to
accumulate on cell membranes or even be encapsulated inside endosomes in

cytoplasm [3,49].

4. DISCUSSION

The most outstanding conclusions derived from these experiments are as
follows: (i) the presence of 10% FBS in the culture medium had a “protective
effect” on cells and considerably reduced cell mortality in the treatments with
SWCNTSs-PEG, whether alone or in combination with NP; (ii) the serum helped
stabilize nanoparticles in the culture medium —the resulting dispersions were
visibly more stable—; (iii) differences in agglomeration state of SWCNTs-PEG
due to the presence or absence of serum marked differences in toxicity for
individual treatments with SWCNTs-PEG in the 48 h experiments; (iv)
increasing the time of exposure to the test substances had no substantial effect
on cell viability except with the treatments using the highest NP concentration;
(v) an excessively toxic concentration of either component precluded
observation of their potential combined toxic effects; (vi) toxicological
responses to the mixtures varied with the exposure conditions, which confirms
the complexity of toxicological evaluation in scenarios involving nanoparticles;
(vii) in some cases, the interaction between SWCNTs-PEG and NP had no effect
on their global toxicity, which was influenced by the more toxic species only;
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and (viii) while no general synergistic effects were observed under most of the
experimental conditions studied, the interaction between SWCNTs-PEG and NP
reflected isolated instances of synergy on 3T3-L1 cells exposed to both species

jointly.

We chose to use the MTT based cytotoxicity assay here because it is
deemed an especially sensitive evaluation method and had been used
extensively to assess toxicity of CNTs [3,38,50]. At this point, it should be noted
that interferences between multi-walled carbon nanotubes (MWCNTs) and MTT
dye arising from the ability of the nanoparticles to reduce MTT to its formazan
form in the absence of cells or enzymes were observed in previous literature
[2,3,51,52] Also, MWCNTs may bind to formazan crystals and stabilize their
chemical structure, thereby preventing their solubilization [49]. To avoid
potential interferences, we replaced the old culture medium containing
SWCNTs-PEG with fresh medium immediately before adding the MTT dye,
following an experimental protocol already described [38]. To the best of our
knowledge, the PEG coating modifies the surface chemistry of SWCNTs and
prevents binding of formazan crystals, which considerably reduces ambiguity in

the results.

5. CONCLUSIONS

The interaction between SWCNTs-PEG and NP had no significant
toxicological consequences. Cytotoxicity assays with 3T3-L1 cells revealed no
general evidence of combined toxicity of SWCNTs-PEG and NP under most of
the exposure conditions used. In most cases, the overall toxicity was only
influenced by the more toxic species present. However, isolated synergistic
effects from specific treatments were observed where the mixtures increased
cell mortality with respect to the individual treatments even though identical
concentrations of the individual species exhibited no toxic effects. These results
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testify to the difficulty of identifying a general tendency when so many
influential factors come into play. Consequently, considering the coexistence of
several species in the same environment can open up new research avenues
leading to more realistic toxicological evaluation. This, however, will require
much research effort. The presence of serum in the culture medium was found
to have a protective effect against all treatments. Nanoparticles were better
stabilized in FBS-containing media by effect of proteins coating the
nanoparticles, and further stabilizing them by steric hindrance as a result. This
in turn altered their interaction with cells and reduced their toxicity. Finally,
Raman Spectroscopy proved useful to image single cells and identify SWCNTSs-
PEG in them. In fact, nanoparticles accumulated inside cells and distributed
throughout —nucleus excepted— after 24 h exposure. As has been confirmed,
the fairly recent use of the Raman technique in the biological field provides new

approaches to cell analysis.
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Resultados y Discusion

Una vez finalizada la exposicidn de los trabajos cientificos desarrollados
durante la fase experimental de la Tesis Doctoral (anteriores Bloques Il y IV), se
procederd a discutir los resultados mas significativos derivados de los mismos.

Estos se expondran en dos grandes bloques tematicos:

» Nanoparticulas como herramientas de analisis ambiental.
En este apartado abordaremos el empleo de NPs como herramientas en
las etapas de tratamiento de muestra (técnicas de extraccidn) y deteccion

dentro del procedimiento analitico.

» Nanoparticulas como objetos de evaluacion toxicoloégica.
En este apartado se describiran los resultados derivados de los estudios
toxicolégicos desarrollados. Estos tuvieron como principales objetivos,
evaluar la influencia de la quimica superficial de las NPs de plata sobre su
citotoxicidad, y predecir posibles mecanismos de toxicidad combinada

entre nanotubos de carbono y un conocido contaminante ambiental.

Con el fin de facilitar la lectura y reflexion de lo que se va a exponer, estos

dos grandes apartados se dividirdn a su vez en subapartados mas especificos.
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V.1. Contextualizacion general de la investigacion planteada

La Figura V.I.1 esquematiza los dos grandes bloques tematicos en los que
se enmarca la labor investigadora desarrollada, asi como los apartados mas

especificos en los que pueden dividirse.

BLOQUE I

Nanoparticulas como
herramientas de analisis ambiental

Tratamiento de

muestra Deteccion
Materiales sorbentes en Plataformas para
técnicas de extraccion mejorar la sensibilidad

/N

Punto de Extraccion  Extraccionen
nube liquido-liquido  fasesolida

BLOQUE IV

Nanoparticulas como objetos { u
de evaluacion toxicologica OSS

Influencia dela Influencia del
quimica entorno
superficial (coexistencia con
otras especies)

Figura V.1.1. Visién global de los bloques temadticos y apartados mds especificos en los
que puede encuadrarse la investigacion desarrollada.

Como ya se ha comentado anteriormente, la investigacion estuvo
enfocada a profundizar en dos vertientes de conocimiento dentro de la
Nanociencia; por un lado, la busqueda de aplicaciones analiticas; y por otro lado,

indagar en la toxicidad asociada a las NPs.
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» Nanoparticulas como herramientas de andlisis ambiental

Las excelentes propiedades que exhiben las NPs, incluyendo su elevada
area superficial especifica y habilidad de adsorcién, las convierten en

candidatos muy atractivos para su uso en el ambito de la Quimica Analitica.

A lo largo del desarrollo de esta Tesis se diseflaron varios métodos de
tratamiento de muestra basados en el empleo de NPs, ya sea como fase
extractante adicional o como tUnica fase extractante presente. En el primer caso,
las NPs fueron evaluadas como fases adicionales introducidas en los esquemas
convencionales de extraccion punto de nube (CPE) y extraccion liquido-liquido
(LLE). En esos casos, se investigé el papel que desempefiaban las NPs en
combinacidn con las fases extractantes originales de las técnicas de extraccién,
es decir, surfactante para CPE y disolvente organico para LLE. Por otro lado, las
NPs fueron propuestas como Unica fase extractante presente en un sistema de

extraccidn en fase sélida (SPE).

Ademas del tratamiento de muestra, las NPs también presentan un gran
potencial para su empleo en la etapa de deteccién del procedimiento analitico.
Como aportacion cientifica a este ambito, desarrollamos un procedimiento
analitico que constaba de dos etapas. Una primera etapa de tratamiento de
muestra basada en el empleo de un sistema de microextraccién en fase sélida
disponible comercialmente, y una segunda etapa de detecciéon por
espectroscopia Raman en la que NPs de plata (AgNPs) fueron utilizadas como
plataformas o sustratos para incrementar la sensibilidad de la técnica a través

del conocido efecto SERS.
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» Nanoparticulas como objetos de evaluacién toxicoldgica

La investigacidn centrada en la aplicabilidad de las NPs ha sido mucho
mas notable que aquella dirigida a evaluar los posibles efectos toxicolégicos de
estos nanomateriales. Mientras que la busqueda de nuevas y originales
aplicaciones ha ocupado gran parte de la investigaciéon en Nanociencia, la
evaluacion sistematica de los riesgos asociados ha quedado en un segundo
plano. Esto unido a las carencias propias de los métodos de evaluacion actuales,

hace que los avances en este ambito de estudio sean rigurosamente necesarios.

Uno de los principales retos en la evaluacidn toxicolégica de las NPs es
tener en cuenta los numerosos factores influyentes que entran en juego. En este
sentido, las propiedades fisicoquimicas de las NPs incluyendo su forma, tamafio
y quimica superficial, condicionan su diferente interaccién con las células y
consecuentemente, su toxicidad. Como principal aportaciéon a este ambito de
estudio, se evaludé la toxicidad in vitro de AgNPs sintetizadas
experimentalmente a partir del mismo nucleo de plata pero con diferentes
agentes superficiales. La finalidad perseguida fue investigar la influencia de la
quimica superficial de las NPs sobre su grado de oxidacidn, estabilidad coloidal
e internalizacién celular, que son factores que repercuten directamente sobre

su citotoxicidad.

Otro factor determinante, aparte de las caracteristicas intrinsecas de las
NPs, es su interaccién con el entorno. Fluctuaciones de pH o en el contenido
salino pueden determinar un diferente grado de toxicidad para NPs idénticas.
En este punto, conviene hacer la siguiente reflexiéon. Los contaminantes
ambientales no se encuentran aislados en el medio ambiente, sino que dada la
ubicuidad de algunos de ellos es mas que probable que puedan entrar en
contacto con otras especies. Ademas, las NPs son extremadamente reactivas en
superficie y tienen una habilidad excepcional para interaccionar con multitud
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de compuestos tanto organicos como inorganicos. Todo esto nos lleva a
plantearnos los posibles riesgos toxicoldgicos derivados de la interaccién entre
las NPs y otros contaminantes ambientales comunes. A este respecto, efectos
toxicos aditivos, sinérgicos o antagdnicos ya se han descrito en bibliografia, y
son prueba irrefutable de la existencia de mecanismos de toxicidad combinada
cuando las NPs coexisten con otras especies quimicas. Nuestro trabajo estuvo
dirigido a investigar por primera vez las consecuencias toxicoldgicas derivadas
de la interaccién de nanotubos de carbono (CNTs) con un conocido disruptor

endocrino (4-nonilfenol).
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V.2. Discusion especifica de los resultados

NANOPARTICULAS COMO HERRAMIENTAS DE ANALISIS AMBIENTAL

Nanoparticulas en el tratamiento de muestra

En este apartado abordaremos los principales resultados derivados del
empleo de NPs en los procesos de tratamiento de muestra. En primer lugar, se
discutiran los hallazgos derivados de aquellas técnicas de extraccidon
convencionales que fueron modificadas con la inclusion de NPs como fase
adicional (ver apartados II1.1 y II1.2). Por ultimo, se hard referencia a las
principales aportaciones del método de SPE desarrollado con el uso de CNTs

como Unicas fases sorbentes (ver apartado 111.3).

= Nanoparticulas como fase adicional en la extraccién punto de nube (CPE)

El término “quimica verde” se acufi6 por primera vez en 1991 y engloba
de forma generalizada la sintesis, manipulacién y uso de compuestos quimicos
que reducen los riesgos para el ser humano y el medio ambiente. La presencia
de contaminantes a bajas concentraciones y en matrices complejas hace
necesaria una etapa de tratamiento de muestra previa a la deteccion. Esta etapa
se considera la mas contaminante dentro del procedimiento analitico puesto
que implica el empleo de disolventes organicos. Las técnicas de extraccién
comtinmente utilizadas en el tratamiento de muestra son SPE y LLE, sin
embargo, existen otras alternativas “mds verdes” que reemplazan los
disolventes organicos por surfactantes de menor toxicidad, y que son por tanto

mas respetuosas con el medio ambiente.

La técnica de extraccion punto de nube o CPE, se encuadra dentro de

estas alternativas “verdes” y se basa en la separaciéon y preconcentracion de

348



Resultados y Discusion

especies polares y apolares empleando disoluciones acuosas de surfactante. El
fundamento de la separacién radica en la formacién de dos fases isotrépicas
(fase acuosa y fase enriquecida en surfactante) a partir de una tnica fase acuosa
micelar homogénea. La fase acuosa de mayor volumen contiene la matriz
acuosa libre de analito y surfactante a una concentracién inferior a su
concentraciéon micelar critica (CMC), que es la concentraciéon por encima de la
cual los monémeros de surfactante se agregan formando estructuras micelares.
La otra fase, de menor volumen, estd enriquecida en complejos micelares que

contienen el analito.

Se necesitan dos requisitos para que se produzca la separacién en dos
fases. Por un lado, la concentracion de surfactante en la disolucién acuosa inicial
debe exceder su CMC para asegurar la formacién de agregados micelares. Por
otro lado, las condiciones experimentales iniciales tales como presidn,
temperatura o fuerza idnica deben verse alteradas de algtin modo. Cuando se
cumplen estos dos requisitos, la disoluciéon acuosa micelar inicial se enturbia

(enturbiamiento o clouding) y se produce la separacién en dos fases.

Se han descrito diferentes mecanismos para justificar el fenémeno de
separacion en dos fases. La principal hipotesis se basa en la deshidratacion de
las moléculas de surfactante, lo que hace que éstas se aglomeren y se enturbie la
disolucion. Esta deshidratacion puede producirse por un incremento de T2 o
bien por el efecto salting out en presencia de una concentraciéon elevada de
electrolito (es decir, las moléculas de agua que rodean y estabilizan las micelas,
pasan a solvatar los iones de la sal por su mayor afinidad hacia ellos). De
cualquier forma, la solubilidad del surfactante en agua disminuye y como

resultado, se forman dos fases claramente distinguibles.

Las hipotesis iniciales que nos guiaron a proponer un procedimiento

analitico que combinaba NPs con un esquema CPE convencional fueron dos
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principalmente. Por un lado, las NPs presentan una habilidad excepcional de
adsorcién y por tanto su presencia podria reforzar de algin modo la extraccién
de analito en un sistema que a su vez presenta surfactante como fase
extractante. Por otro lado, el empleo de una dispersion de nanoparticulas de
carbono (CNPs) en un medio acuoso micelar como fase extractante en CPE no
ha sido investigado hasta la fecha, y por consiguiente, su efecto sobre la

eficiencia de extraccion del proceso es atin desconocido.

En nuestro trabajo concretamente, las CNPs fueron afiadidas en
combinacidn con el surfactante dodecilsulfato de sodio (SDS). El analito modelo,
fluorantreno, fue seleccionado en base a su importancia como contaminante
ambiental, ya que estd catalogado como contaminante prioritario segin la
Agencia de Proteccién Ambiental de los Estados Unidos (EPA). Asimismo, su
estructura aromatica y naturaleza apolar favorecen su interacciéon con las NPs
(mediante interacciones hidrofébicas y de tipo m-m), y con el surfactante (a
través de interacciones hidrofébicas con las cadenas apolares). Muestras
ambientales de agua de rio fueron utilizadas para validar el método de
extraccion desarrollado. La Tabla V.2.1 resume todos los parametros

experimentales estudiados asf como el valor 6ptimo finalmente seleccionado.

Tabla V.2.1. Resumen de variables experimentales optimizadas en el procedimiento CPE
modificado, asi como valores finalmente seleccionados.

Variables estudiadas Valor éptimo
Concentracion de NaCl (mol L) 0.25
Concentracion de SDS (mol L-1) 0.1

T2 del proceso T2 ambiente
Tiempo interaccién nanoparticulas con SDS (min) 30

Tiempo interaccién con analito (min) 10

Tiempo en contacto con NaCl (min) 60

Tipo de nanoparticula nanodiamantes
Concentracién de nanodiamantes (mg mL-1) 6

Eluyente acetonitrilo
Volumen de eluyente (mL) 1.5

350



Resultados y Discusion

La presencia del surfactante es imprescindible para que se produzca la
formacién de dos fases en cualquier CPE. En nuestro caso, posibilita ademas la
estabilizacion de las CNPs en el medio acuoso lo que permite maximizar su
superficie de interaccion con las especies en disoluciéon. Las concentraciones de
SDS investigadas fueron siempre superiores a su CMC (8 mM a 25 °C), para asf
asegurar la presencia de agregados micelares en la disolucion. Los estudios de
optimizacién de la concentracién de surfactante revelaron que 0.1 mol L1 de
SDS fue la concentraciéon éptima, ya que la sefial analitica correspondiente al
fluorantreno extraido se redujo a concentraciones superiores de SDS. Esto
podria ser justificado de la siguiente manera. Por lo general, al incrementar la
concentracion de surfactante, también aumenta el factor de preconcentracidon
ya que se favorece la formacion de una fase enriquecida de mayor viscosidad y
menor volumen. Sin embargo, en nuestro caso especifico, tenemos que tener en
cuenta el efecto de la inclusiéon de CNPs en el sistema. La superficie de las CNPs
interacciona con las cadenas apolares del SDS a través de fuerzas hidrofébicas.
Las moléculas de SDS se van colocando de forma aleatoria sobre la superficie de
las CNPs formando capas de recubrimiento. Cuando la concentraciéon de SDS
aumenta progresivamente para una cantidad constante de CNPs, el
recubrimiento se va haciendo de mayor espesor hasta que llega un punto en el
que las moléculas superficiales de SDS de CNPs adyacentes comienzan a
interaccionar entre si a través de sus respectivas cadenas hidrocarbonadas. Esta
interaccion hace que las CNPs se aglomeren progresivamente reduciendo asi su
superficie de interaccion con las especies en disolucién y por tanto, su eficiencia
en la extraccion del analito. Este mecanismo podria justificar los peores

resultados obtenidos a concentraciones de SDS superiores a 0.1 mol L.

El cloruro de sodio (NaCl) fue seleccionado como electrolito del proceso.
El incremento de la fuerza i6nica del medio acuoso puede promover la
separacion de fases por el conocido fenémeno salting out (reduccion de la

solubilidad del surfactante por la presencia de sales) comentado anteriormente.
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Asimismo puede incrementar la viscosidad y reducir el volumen de la fase
enriquecida, lo que se traduce finalmente en un mayor factor de
preconcentracion. Esta mayor viscosidad facilita a su vez la manipulacién de la
fase enriquecida y su separacion de la fase acuosa. Los resultados obtenidos
mostraron que fue necesaria una concentracion de 0.25 mol L1 de NaCl para
maximizar la extracciéon de fluorantreno de la matriz acuosa bajo las

condiciones experimentales establecidas.

Diferentes CNPs fueron evaluadas como fase adicional en la técnica CPE
(ver Figura V.2.1). Para realizar el estudio comparativo, el procedimiento fue
conducido bajo condiciones experimentales constantes (0.1 mol L-1 de SDS; 0.25
mol L1 de NaCl; 0.33 mg mL-! de CNPs; T2 ambiente) exceptuando el tipo de
CNPs. Nanodiamantes (NDs) y nanotubos de carbono multicapa (MWCNTSs)
fueron adquiridos comercialmente. Adicionalmente, los MWCNTs fueron
sometidos experimentalmente a un proceso de oxidacion para asi obtener
MWCNTs oxidados. Nanoparticulas hibridas (NDs-MWCNTs) fueron
sintetizadas experimentalmente a partir de la combinacién de NDs y MWCNTs,

y también fueron sometidas a estudio.

800000 -
m NDs +SDS
g 600000
% = MWCNTSs oxidados + SDS
S 400000 -
g = MWCNTSs sin oxidar + SDS
[<5)
[%p] ,
200000 = NDs-MWCNTs + SDS
0 .

Tipo denanoparticula

Figura V.2.1 Comparacién de resultados obtenidos empleando distintas CNPs en el
procedimiento CPE con SDS.
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Los resultados obtenidos por comparaciéon de las intensidades de
fluorescencia pertenecientes a fluorantreno obtenidas tras la extraccidn,
concluyeron que los NDs en combinacién con el SDS proporcionaron una mayor
extraccion cuantitativa de analito. Teniendo en cuenta el reducido tamafio de
estas NPs (3.2 nm de didametro medio) respecto a los MWCNTs (140 nm de
didmetro medio), para una cantidad fija de CNPs presentes, cabe esperar un
mayor nimero de NDs que de MWCNTs y NDs-MWCNTs en disolucion. Este
mayor numero de NPs presentes incrementa la relacién darea
superficial/volumen, de forma que habrd una mayor superficie de NPs
disponible para establecer interacciones con el fluorantreno o los complejos
micelares (micela-analito). Esto podria explicar la mayor extracciéon de

fluorantreno conseguida con NDs.

Los MWCNTs oxidados permitieron una extraccion cuantitativa de analito
moderadamente superior a aquella obtenida para las mismas NPs sin oxidar.
Esto podria ser justificado por la mayor compatibilidad de los MWCNTSs
oxidados con el medio acuoso donde se lleva a cabo la extraccién, gracias a la
presencia de grupos funcionales sobre su superficie (tipo carboxilico o
hidroxilo). Ademas, la oxidacién de los CNTs supone el acortamiento de los
mismos, de forma que para una misma cantidad de CNTs, cabe esperar un
mayor nimero de MWCNTs cortos (oxidados) que largos (sin oxidar). El mayor
numero de NPs en disolucién favorece un mayor grado de interaccién con las
especies presentes, tal y como hemos comentado anteriormente para el caso de
los NDs. NDs-MWCNTs no reportaron beneficios adicionales a la extraccién
respecto a NDs y MWCNTSs por separado, y por esa razon estas NPs hibridas

fueron descartadas.

Uno de los aspectos mas destacables es que aquellos experimentos que se
realizaron en ausencia de CNPs no condujeron a la extracciéon de fluorantreno

en tanto en cuanto no se apreciaron dos fases claramente distinguibles en el

353



BLOQUEV

sistema. La adicion del electrolito a la disolucién acuosa micelar hizo disminuir
la solubilidad del SDS como consecuencia del efecto salting out, provocando asi
el enturbiamiento de la disolucién. Este efecto podria por si solo conllevar a la
formacion de dos fases diferenciables, si bien ese no fue nuestro caso. Y es que
bajo las condiciones experimentales estudiadas en este trabajo, la simple
adicién de NaCl, en ausencia de NPs y a T2 ambiente, no fue suficiente para que
se apreciaran dos fases visiblemente diferentes. Por tanto podemos concluir

que la presencia de CNPs result6 indispensable para conducir las extracciones.

En este punto, conviene reflexionar sobre el papel que desempenaron las
CNPs introducidas en el sistema. Las moléculas de SDS (surfactante aniénico)
rodearon la superficie de las CNPs y les confirieron carga superficial negativa, lo
que permiti6 su estabilidad en disolucion a través de repulsiones
electrostaticas. Sin embargo, cuando se afiadié NaCl, aument6 la concentracién
ionica de Na* presente lo que hizo que la superficie negativa del sistema
formado por CNP-SDS se fuese neutralizando gradualmente. Esto hizo que las
CNPs adyacentes comenzasen a interaccionar a través de fuerzas de van der
Waals provocando su desestabilizacion y aglomeraciéon progresiva. Los
agregados de CNPs se depositaron finalmente en la fase inferior (fase
enriquecida). Esta retirada de CNPs de la fase acuosa también supuso la retirada
de las estructuras micelares que se encontraban sobre su superficie. Este hecho
provocod un enriquecimiento adicional de la fase inferior en moléculas de
surfactante lo que pudo condicionar la formacién de una fase enriquecida, esta

vez si, distinguible de la acuosa.

En resumen, aunque el incremento de la fuerza iénica de la disolucién
contribuy6 directamente a la pérdida de estabilidad del surfactante en la fase
acuosa y a la formacion de la fase enriquecida, los efectos derivados de la

inclusion de CNPs en el sistema y su interaccién con las estructuras micelares
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fueron determinantes para que las dos fases fuesen visiblemente diferenciables

tras la adicion del electrolito.

El método analitico desarrollado no presenta requerimientos especiales
de T2 y el tiempo de extraccion es aceptable. Estas caracteristicas simplifican
enormemente el procedimiento de andlisis y lo hacen adecuado para la
extraccion de analitos termoldbiles. Ademas, evaluar la influencia de la
introduccidn de CNPs en combinacion con la fase extractante micelar en CPE no
ha sido considerado hasta la fecha, lo que le confiere a este trabajo un valor
afiadido por profundizar en el conocimiento del potencial de estas NPs en
nuevos campos de aplicacion dentro de la Quimica Analitica. El método analitico
propuesto fue bastante reproducible y tuvo un limite de deteccién de 17 pg L1
Su aplicacién en dltimo término a la determinacion de fluorantreno en agua de

rio proporciond resultados bastante satisfactorios.

» Nanoparticulas como interfase en la extraccion liquido-liquido (LLE)

La contribucién de las NPs como fases sorbentes en combinacién con la
fase extractante originaria fue también investigada en la técnica LLE. En un
esquema experimental que constaba de dos fases, una fase acuosa donadora y
una fase organica aceptora, introducimos una interfase de CNPs estabilizadas en
disolvente organico, con el objetivo de evaluar su efecto sobre la extraccién

cuantitativa del analito seleccionado.

El fundamento de este sistema de extraccién de tres fases es similar a
aquel que rige la LLE en combinaciéon con membranas. En esos casos, las fases
acuosa y organica entran en contacto en una membrana, generalmente
polimérica, a través de la cual el analito difunde de una fase a otra. Las

limitaciones de las membranas poliméricas convencionales se relacionan con
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sus bajas selectividad, permeabilidad, resistencias quimica y térmica, y con su

susceptibilidad a la obstruccién.

El empleo de membranas nanoestructuradas, que son aquellas que
incorporan NPs a un soporte polimérico (principalmente polipropileno), ha
tenido una gran acogida en el dmbito de la Quimica Analitica. Su reducido
espesor, elevada area superficial y porosidad, son aspectos clave que favorecen
un mayor flujo de analito a través de ellas. Las principales desventajas de las
membranas modificadas con CNTs son consecuencia de la pérdida de area
superficial especifica de las NPs cuando son embebidas dentro de la matriz
polimérica. Asimismo, se precisa llevar a cabo la sintesis del composite

constituido por NPs y polimero.

La finalidad del trabajo de investigacion planteado fue modificar la LLE
convencional mediante la incorporaciéon de una pseudofase de CNPs que
actuase como membrana entre la fase acuosa donadora y la fase organica
aceptora, eliminando el soporte polimérico para maximizar asi la superficie de

NPs disponible para interaccionar con el analito.

La Figura V.2.2 representa esquematicamente las fases de un sistema de
LLE convencional (fase acuosa y fase organica), y del procedimiento
experimental propuesto derivado de aquellos basados en el empleo de

membranas (fase acuosa, interfase de CNPs y fase organica).
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SISTEMA DE DOS FASES

2. Fase organica aceptora

SISTEMA DE TRES FASES

3. Fase orgénica aceptora

A A A A
2. Interfase de nanoparticulas

1. Fase acuosa donadora

A A A A

1. Fase acuosa donadora

Figura V.2.2. Esquema de las fases que componen el sistema de LLE convencional
(derecha) y el propuesto (izquierda).

La preparacion de la interfase de CNPs fue bastante simple como puede
apreciarse en la Figura V.2.3. Basicamente consistié en la homogeneizacion de

una mezcla de CNPs y etilacetato con el uso de un mortero.

INTERFASE

Nanoparticulasde

carbono (205 mg) Nanoparticulas

estabilizadasen
+ disolvente /
“ organico

mezcla en mortero

Etilacetato (1 mL)

Figura V.2.3. Procedimiento de preparacion de la interfase de CNPs.

El analito objeto de determinacién fue atrazina, un herbicida
perteneciente a la familia de las triazinas que es empleado de forma extensiva
en la agricultura para controlar las malas hierbas. Este herbicida se aplica
directamente sobre el suelo con lo cual puede generar lixiviaciones y también

contaminar las aguas subterraneas y superficiales.

El potencial de diferentes CNPs para conformar la interfase en este

esquema de extraccidn fue investigado. Nanodiamantes obtenidos por procesos
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de detonacién con un didmetro de 3.2 nm (NDs) y nanotubos de carbono
multicapa con un didmetro entre 110-170 nm (MWCNTSs) fueron estudiados al
igual que para la técnica CPE comentada en el apartado anterior. A diferencia de
entonces, aqui no se consideré sintetizar y estudiar el potencial de NPs hibridas
(NDs-MWCNTSs). En su lugar, nanotubos de carbono monocapa (SWCNTSs) con
un didmetro inferior a 2 nm, y nanodiamantes con caracter oleofilico (ND,) y
con un tamafo medio entre 4-15 nm, fueron sometidos a evaluacién. La Figura
V.2.4 muestra los resultados obtenidos en el estudio comparativo de diferentes

CNPs como constituyentes de la interfase.

MWCNTSs
500000 + SWCNTs
m NDs oleofilicos
3 400000 - = NDs
(&}
£ 300000 - sin nanoparticulas
g
=
S 200000 1
<5}
(2]
100000 - I
0 ——

Tipo denanoparticula

Figura V.2.4. Resultados comparativos segtin el tipo de CNP empleada en la interfase.

Deberia puntualizarse que la inclusion de CNPs como interfase reforzo la
extraccién de atrazina de muestras acuosas en comparacién a aquellas
extracciones conducidas solo con dos fases (sin NPs). Estos resultados
confirman que las CNPs proporcionaron vias adicionales de transporte para el
soluto. Las NPs actuaron como extractantes en fase sélida sobre los que se
adsorbieron las moléculas de analito, para después desorberse en la fase
organica aceptora, a través de mecanismos consecutivos de adsorcion-
desorcion. La eficiencia de extraccion de atrazina empleando solo etilacetato fue

por tanto mejorada por la presencia de CNPs con una proporcién elevada de
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sitios de adsorcién accesibles. La extracciéon se condujo por lo tanto por una
combinacién de mecanismos de extracciéon en fase sélida (CNPs) y en fase

liquida (etilacetato).

Los dos tipos de nanodiamantes investigados (NDs y ND,1), exhibieron un
comportamiento similar en la extraccion. Su area superficial especifica similar
(=282 m2/gramo; informacién proporcionada por el fabricante), la misma
estructura de carbono con hibridaciones sp? y sp3, y sus dimensiones
aproximadas, podrian justificar estos resultados. La mayor pureza de NDs
(>98%) frente a NDo (55-75%) o el caracter oleofilico de estos ultimos, no

marcaron diferencias en cuanto a eficiencias de extraccién para estas NPs.

En términos generales, los nanotubos de carbono (CNTs) promovieron
una mayor transferencia de soluto de la fase donadora a la aceptora que los
nanodiamantes. La mayor area superficial de los SWCNTs (400-700 m2/gramo;
informacién proporcionada por el fabricante) en comparacién con los dos tipos
de nanodiamantes (*282 m2/gramo) podria explicar los mejores resultados de
extraccion obtenidos cuando la interfase fue preparada con SWCNTs. Esto se
debe a que el area superficial es una variable especialmente influyente en un
sistema de extraccion basado en membranas, ya que determina el flujo de
soluto de una fase a otra. Adicionalmente, las interacciones de tipo m-m dadas
entre sistemas aromaticos de CNTs y atrazina fomentaron una mayor

extraccion.

Partiendo del hecho de que el sistema de anillos aromaticos de MWCNTSs
formado por varias capas de grafeno enrolladas refuerza y favorece
considerablemente las interacciones con analitos que muestren estructura
aromatica, podemos explicar los resultados similares obtenidos para MWCNTSs
y SWCNTs estableciendo las siguientes conjeturas sin entrar en informacion

detallada.
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El area superficial especifica de un CNT depende de su didmetro, pero en
mayor medida, del ndmero de laminas de grafeno que lo constituyen. Asi, al
aumentar el nimero de capas de grafeno, el peso del CNT incrementa mucho
mas que su superficie, y consecuentemente esto se traduce en una menor area
superficial especifica. Por lo tanto, cabe suponer que los SWCNTs tendran un
area superficial especifica superior a los MWCNTSs y por tanto, mayor potencial

de interaccion con el soluto.

Asimismo, el acusado mayor tamafo de MWCNTs frente a SWCNTs
conlleva la formacién de una interfase con poros de mayor tamafio que
favorecen el flujo de analito de la fase acuosa a la organica. En contraposicion, el
mayor tamaflo de MWCNTSs frente a SWCNTs hace que para una cantidad
constante de NPs en la interfase, el nimero de SWCNTs sea mayor al nimero de
MWCNTs, con la consecuente relaciéon area superficial/volumen incrementada.
Otros factores como la diferente estabilidad de las NPs en el disolvente de la
interfase y su tendencia a la agregacion pueden condicionar un comportamiento

diferente.

Finalmente, atin cuando el mayor nimero de laminas de grafeno parezca
indicar inicialmente una mayor capacidad de adsorcién para MWCNTs que para
SWCNTs, la influencia de los otros factores antes comentados determin6 un

comportamiento de extraccion similar para ambas NPs.

El procedimiento de extraccion para la determinacién de atrazina en
muestras acuosas, consistié en la preparacion previa de la interfase con 5 mg de
MWCNTSs y 1 mL de etilacetato. Esta interfase se afiadi6 posteriormente a 20 mL
de muestra acuosa. A continuacion, 3 mL de etilacetato fueron afadidos, y la
mezcla se agit6 manualmente con la finalidad de favorecer el contacto entre las

fases. Tras 15 minutos de reposo, se separé la fase organica, se centrifugé y se
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tomaron 1.4 mL de la misma para su evaporacién. La reconstitucién con 100 pL

de medio de inyeccién (2:8 etanol:agua) fue previa al andlisis por CE (222 nm).

La principal matriz ambiental empleada para la validacién del método
analitico fue agua de rio aunque también se realizaron estudios preliminares en
suelo agricola dado que éstos constituyen las primeras vias de entrada de este
contaminante en el medio ambiente. El procedimiento para matrices de suelo
no fue reoptimizado sino simplemente evaluado a modo de prueba. En este
caso, la interfase constituida por 2 mg de MWCNTs y 1 mL de etilacetato fue
afiadida a una suspensidn acuosa de 200 mg de suelo. La Figura V.2.5 muestra a
modo de ejemplo dos electroferogramas obtenidos tras el analisis en agua de

rio y suelo.

>

) —blanco deagua derio ——aguade rio fortificada
40000 1

30000 1
20000 -

10000 H

Absorbanciaa 222 nm

0 T T T ]
0 5 10 15 20

Tiempo/min

Y
~

—blanco desuelo ——muestra de suelo fortificada
5000 1
4000 A
3000 -

2000 7 e
1000 A

Absorbanciaa 222 nm

0 5 10 15 20
Tiempo/min

Figura V.2.5. Electroferogramas para (A) agua de rio fortificada con 5 mg L1; y (B) suelo
fortificado con 1 mg L. Cada electroferograma de muestra fortificada va acompariado del
blanco correspondiente (muestra sin fortificar).
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Aqui se ha propuesto un método de extraccion alternativo que explota la
capacidad de adsorcién de las CNPs mediante la formacién de una interfase que
refuerza el flujo de analito de la fase donadora a la aceptora en un esquema LLE
convencional. El método tuvo una reproducibilidad aceptable (x11%) y valores
de recuperacidon bastante buenos en muestras de agua de rio (>87.0%). Su
versatilidad de aplicaciéon a diferentes matrices ambientales le confiere un valor
afiadido si bien es cierto que serian necesarios mas estudios con vistas a

aplicaciones futuras en este sentido.

= Nanoparticulas como sélidos sorbentes en extraccion en fase solida (SPE)

A diferencia de los trabajos de investigacién anteriores, en este caso se
considero la técnica SPE como referente y se emplearon CNPs como unicas fases
sorbentes para desarrollar un procedimiento analitico simple y de bajo coste.
Con objeto de enfocar el procedimiento de extraccion al analisis ambiental, el
analito seleccionado fue el acido salicilico (SA), un compuesto farmacéutico
generado por la degradacion del acido acetilsalicilico. SA se considera un
contaminante ambiental emergente dado su caracter ubicuo debido a la
ineficacia en su eliminacién de las plantas de tratamiento de aguas residuales.
Ademas, gracias a la presencia de un anillo aromatico en su estructura, cabria

esperar una interaccién favorecida con los CNTs.

El empleo de CNTs como materiales sorbentes fue evaluado en la
modalidad de cartuchos empaquetados. La Tabla V.2.2 resume las diferentes
variables experimentales optimizadas en este trabajo asi como el valor 6ptimo

seleccionado por favorecer una mayor extraccion cuantitativa de SA.
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Tabla V.2.2. Resumen de variables experimentales estudiadas empleando CNTs como
sorbentes de SPE, asi como valores finalmente seleccionados.

Variables estudiadas Valor 6ptimo
Volumen de muestra (mL) 10

pH de muestra 2.0

Tipo de CNTs MWCNTSs-2 (nanocyl)
Cantidad de CNTs (mg) 15

Flujo de muestra (mL min1) 0.19

Eluyente acetona

Los resultados obtenidos del estudio del pH concluyeron que la
interaccion entre SA y CNTs estuvo gobernada mayoritariamente por
interacciones 7-7 entre estructuras aromaticas, y no por fuerzas electrostaticas
entre especies cargadas. Esto se debe a que cuando el analito estaba presente en
su forma protonada o neutra (pH 2.0) la extraccién cuantitativa fue mayor que
cuando se encontraba parcial o completamente desprotonado (pH 3.7 y 9.9,
respectivamente). Consecuentemente, la acidificacion previa de las muestras

fue necesaria para potenciar la interaccién entre SA 'y NPs.

La Figura V.2.6 muestra los resultados del estudio comparativo entre tres
tipos de CNTs como fases sorbentes; dos tipos de MWCNTSs proporcionados por

casas comerciales diferentes, y también SWCNTs.

200000 A
.

160000 - R
i
o
S 120000 H OMWCNTs-1
o +
o o =
5 80000 MWCNTs-2
= BSWCNTs

40000 A

0
Tipode CNTs

Figura V.2.6. Optimizacion del tipo de CNTs. MWCNTs-1y MWCNTs-2 fueron obtenidos de
Bayer y Nanocyl, respectivamente.
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Tal y como se aprecia en la Figura V.2.6, MWCNTs proporcionados por
distintas casas comerciales exhibieron comportamientos muy diferentes en la
extraccion de SA. Factores como la existencia de imperfecciones estructurales, o
la presencia de impurezas o grupos funcionales superficiales derivados del
proceso de sintesis, hacen que la superficie de los CNTs sea extremadamente

compleja y variable lo que podria justificar su diferente comportamiento.

Por otro lado, los resultados confirmaron que no siempre el mayor
numero de ldminas de grafeno presentes en la estructura de los CNTs
contribuye positivamente a una mayor interaccién con el analito, ya que en
nuestro caso MWCNTSs-2 si proporcionaron una extraccion ligeramente mayor a
SWCNTs, pero no MWCNTSs-1. La existencia de numerosos factores influyentes
asi como la combinacién de los mismos en diferente grado, explicarian la

respuesta observada para los CNTs estudiados.

Las siguientes justificaciones podrian explicar los mejores resultados
obtenidos con SWCNTs en comparaciéon a MWCNTs-1. El mayor nimero de
laminas de grafeno de MWCNTSs-1, se traduce en una menor area superficial
especifica para estas NPs respecto a SWCNTs. Este hecho afecta negativamente
a su capacidad de extraccidn, en tanto en cuanto la superficie de NPs disponible
para adsorber el analito es inferior. Ademads, para una cantidad constante de
NPs dentro del cartucho de SPE, el nimero de SWCNTSs presentes sera superior
a MWCNTSs como consecuencia de su menor tamafio; este mayor nimero de NPs
incrementa la densidad de poros intersticiales por donde la muestra
conteniendo el analito fluye y consecuentemente, la interaccidon entre el SA y

CNTs se ve reforzada.

Solo ligeras diferencias en eficacia de extraccion fueron encontradas entre
SWCNTs y MWCNTs-2 debido posiblemente a que en este caso la contribucién
de un mayor numero de laminas de grafeno para MWCNTs-2 compensé los
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efectos negativos derivados de su menor area superficial especifica y densidad

de poros intersticiales respecto a SWCNTs.

La consecucidn de todos los estudios de optimizacién nos permiti6 definir
finalmente el siguiente protocolo experimental. En un primer lugar, el cartucho
fue preparado por empaquetar 15 mg de CNTs (MWCNTSs-2). A continuacién, 10
mL de muestra acuosa, previamente acidificada a pH 2, pasaron a través del
cartucho a una tasa de flujo de 0.19 mL min-t. El cartucho se sec6 pasando aire a
través de él y finalmente, 1 mL de acetona fue empleado para llevar a cabo la

elucidn previa al analisis por CE monitorizando la absorbancia a 200 nm.

Como ventaja del método SPE-CE desarrollado, habria que destacar la
completa automatizacion de la etapa de carga de muestra en el cartucho, lo que
simplificé considerablemente todo el proceso. La Figura V.2.7 ilustra a modo de
ejemplo algunos electroferogramas obtenidos en la validacién del método

SPE-CE por su aplicacién a muestras de agua de rio.

——acetona - aguaderio sin fortificar —— aguaderio fortificada
70000 -

60000 -
50000 +
40000 ~
30000 -

20000 ~

Absorbanciaa 200 nm

10000 ~

Tiempo (min)

Figura V.2.7. Electroferogramas obtenidos de una muestra de agua de rio fortificada con
6 mg L1y sin fortificar (blanco), ambas sometidas al procedimiento SPE-CE propuesto. El
electroferograma del disolvente acetona también se presenta para identificar la sefial
encontrada en torno a los 5 minutos de andlisis.
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La linea base de los electroferogramas fue muy estable y el tiempo de
analisis inferior a 12 minutos. El método SPE-CE fue bastante reproducible
(<8.2%) y permitio extraer SA de muestras fortificadas con una cantidad
minima de material sorbente (15 mg de CNTs). Los valores de recuperacién
estuvieron en el rango 76-102%. La sencillez, el bajo coste y la rapidez del
andlisis por CE hacen que este método analitico pueda ser aplicado a

laboratorios de analisis de rutina.

Valoracién general de las nanoparticulas en el tratamiento de muestra

A lo largo de la investigacion comentada en los apartados anteriores, se
evalu6 el potencial de diferentes CNPs en tres técnicas de extraccion distintas
(CPE, LLE y SPE). Las NPs elegidas fueron nanodiamantes de elevada pureza
(NDs), nanodiamantes con caracter oleofilico (NDo), nanotubos de carbono
multicapa (MWCNTSs), nanotubos de carbono monocapa (SWCNTs), nanotubos
de carbono oxidados (MWCNTs.) y NPs hibridas (NDs-MWCNTs). Las
especificaciones proporcionadas por el fabricante se muestran en la Tabla V.2.3.
Las NPs sintetizadas experimentalmente (es decir, MWCNTsqx y NDs-MWCNTSs)

no han sido incluidas en la misma.

Tabla V.2.3. Caracteristicas de las CNPs adquiridas comercialmente para su uso en los
métodos de extraccion propuestos.

Diametro Pureza Longitud Area . Casa
CNPs (nm) (%) (um) superficial comercial
(m2/g)
NDs 3.2 >98 - ~282.8 NaBond
ND. 4-15 >55-75 - ~287.9 NaBond
MWCNTs-1 5-20 >95 1-10 - Bayer
MWCNTSs-2 9.5 =90 1.5 - Nanocyl
MWCNTs-3 110-170 >90 5-9 - MER
Shenzhen
SWCNTs <2 >90 5-15 400-700 Nanotech
Port (NTP)
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Las conclusiones mas importantes que podemos resaltar en cuanto al

potencial de todas las NPs estudiadas en los métodos de extraccién son:

» SWCNTs mostraron por lo general un comportamiento de extraccion
muy similar a MWCNTSs. Solo para el caso de MWCNTs-1 (Bayer), los SWCNTs

proporcionaron eficiencias de extraccion significativamente mayores.

» Los NDs mostraron una excelente respuesta en la técnica CPE, si bien
no lo hicieron en el procedimiento de LLE. Diferentes mecanismos implicados
en la extracciéon del analito en cada caso marcaron diferencias en el
comportamiento de estas NPs. Ademas, la capacidad de extraccién de un soluto
no solo depende de las propiedades de los adsorbentes, sino también de las
caracteristicas de ese soluto y el tipo de interacciones que establece con la fase
extractante. Teniendo en cuenta que la superficie de los NDs obtenidos
mediante procesos de detonacién es extremadamente compleja, pudiendo
presentar de 10-15 grupos funcionales, cabe la posibilidad de que prevalezcan
un tipo de interacciones sobre otras en funcién del analito a extraer. Asimismo,
la influencia de otros factores, como la estabilidad de las NPs en el medio de
extraccion (acuoso micelar para CPE, y organico para LLE), el nimero de
particulas presentes para una cantidad fija de NPs, o aspectos relacionados con
el area superficial disponible para la interaccién con el analito, pudieron
condicionar el comportamiento variable de estas NPs segin el esquema de

extraccion considerado.

» El caracter mas oleofilico de algunos nanodiamantes (ND,j) asi como la
oxidacion de los MWCNTSs no afectaron de forma significativa a la eficiencia de

extraccion del analito en comparacién con las mismas NPs sin modificar.

» Las NPs hibridas resultado de la combinacién de NDs y MWCNTs no

reforzaron la extraccion del analito frente a MWCNTSs y NDs por separado.

367



BLOQUEV

» En ausencia de NPs solo el procedimiento de LLE podria llevarse a cabo
aunque obteniendo peores extracciones cuantitativas de analito. En los otros
dos métodos de extraccion propuestos (CPE y SPE), las NPs resultan

indispensables para conducir la extraccion.

Valoracion general de los métodos de extraccion

La Tabla V.2.4 hace una comparativa entre los métodos de extraccion
haciendo referencia a aspectos tales como la cantidad de muestra requerida
(mL para muestras acuosas o mg para muestras de suelo), cantidad y tipo de
NPs utilizadas, presencia de una fase extractante adicional, tiempo total del

procedimiento de extraccién y consumo de disolvente organico.

Tabla V.2.4. Comparativa entre pardmetros experimentales de los tres métodos de
extraccion propuestos.

Ti C
, Cantidad Cantidady tipo de Fase 1empo- , fmsumo
Método . . extraccion disolvente
muestra CNPs adicional i
(min) (mL)
CPE 6 mL 36 mg de NDs si =120 4+15
20 mL 5 mg de MWCNTs-3 >30 4
LLE (agua) (agua) o (agua) (agua)
200 mg 2 mg de MWCNTSs-3 =100 2
(suelo) (suelo) (suelo) (suelo)
SPE 10 mL 15 mg de MWCNTs-2 no =60 1

Mientras que el método de CPE precisé menor cantidad de muestra, su
duracién asi como el consumo de disolvente organico fueron superiores que
para los otros métodos. La mayor proporcion de disolvente organico se empled

en la purificacién de los NDs previa a las extracciones.

El método de LLE conllevé el mayor requerimiento de muestra. En
contraposicion, el tiempo de extraccién para muestras acuosas y también la

cantidad de NPs empleadas fueron minimas con respecto a los demas métodos.
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El método de SPE supuso el menor consumo de disolvente organico y solo

en este caso, no hubo presente ninguna fase extractante adicional en el sistema.

Cabe decir que los métodos de extraccion desarrollados mostraron
diferencias en términos de reproducibilidad, limites de deteccion y valores de
recuperacion en muestras reales. El método mas sensible y reproducible fue el
método de CPE, aunque sus valores de recuperacion fueron los mas reducidos.
Los métodos de LLE y SPE mostraron limites de deteccion similares entre si,
aunque la reprodubilidad y porcentajes de recuperacion fueron superiores para

el método de SPE.

Por ultimo, la Tabla V.2.5 resume las fortalezas y debilidades asociadas a

cada método de extraccion.
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Nanoparticulas en la etapa de deteccion

El empleo de la Espectroscopia Raman Amplificada por Superficie (SERS)
como técnica de deteccidn ha experimentado un incremento considerable desde
la década de los ochenta, acentuandose en mayor medida a partir del afio 2004.
La Figura V.2.8 representa la evolucién en el nimero de publicaciones

cientificas dedicadas a esta técnica de detecciéon desde 1980 hasta la actualidad.

—+==SERS  ===SERSy nanoparticulas SERS y nanoestructuras
1200 H

1000
800 -
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400 -
200 -

Nuamero de publicaciones
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Q &V X 60 o N I M o F O O X b & O
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Afio de publicacion

Figura V.2.8. Numero de articulos cientificos que contienen alguna de las siguientes
palabras clave: “SERS”, “SERS y nanoparticulas”, o “SERS y nanoestructuras” (Fuente
bibliogrdfica:SCOPUS).

El efecto SERS se basa en el aumento de la difusién ineldstica (sefial
Raman) de determinadas moléculas por un factor de 104-10¢ gracias a la
presencia de nanoestructuras metalicas rugosas. Este incremento es
consecuencia de la combinacién de dos mecanismos principales; i) mecanismo
electromagnético, se relaciona con la presencia de rugosidades en la superficie
metalica y depende principalmente de la distancia existente entre el metal y el
analito. Se trata por tanto de un mecanismo no selectivo al tipo de molécula
analizada; ii) mecanismo quimico, provocado por procesos de transferencia de

carga que se activan como consecuencia de la quimiadsorcion de las moléculas
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de analito sobre la superficie metdlica. A diferencia del anterior, este
mecanismo si es selectivo al tipo de molécula analizada. Aunque parece ser que
la combinacién de ambos mecanismos resulta en la generacién del efecto SERS,
el mecanismo electromagnético contribuye en mayor grado al incremento de la

sefial.

Las NPs metdalicas exhiben una habilidad excepcional para su empleo
como soportes o plataformas SERS. Su elevada area superficial y compleja
quimica superficial justifican en parte su empleo en esta técnica de deteccion.
Las NPs de plata (AgNPs) son mas eficientes en SERS que las NPs de oro,
proporcionando factores de incremento de sefial del orden de 10-100 veces
superiores, sin embargo, muestran algunas desventajas como su mayor

tendencia a la oxidacion.

La aplicabilidad analitica del método planteado al control ambiental,
estuvo enfocada a la determinacién de almizcle de cetona (MK) en agua de rio.
Se trata de un compuesto sintético de estructura nitroaromatica que se emplea
en numerosos productos de cuidado personal como sustituto de las fragancias
naturales que son extremadamente caras y dificiles de obtener. Dado su uso
extendido y ubicuidad, ha sido catalogado recientemente como contaminante
emergente. Su naturaleza hidrofébica y baja tasa de degradacion hacen que se
encuentre en diversos compartimentos ambientales y de ahi el interés en su

monitorizacién en este tipo de matrices.

El procedimiento analitico consté de dos etapas. Una primera etapa de
tratamiento de muestra en la modalidad de microextraccién con adsorbentes
empaquetados (MEPS). En esta etapa, 500 uL. de muestra acuosa se hicieron
pasar a través de un cartucho MEPS con sorbente C18 previamente
acondicionado. A continuacion, la elucién se realizé con tan solo 10 pL de
metanol, y el extracto fue depositado y evaporado sobre un cristal de fluoruro
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de calcio (CaF;). La segunda etapa de deteccién fue realizada directamente
sobre el extracto de elucién (sefial Raman) o bien afiadiendo encima 6 pL de
AgNPs (sefial SERS). Las AgNPs fueron sintetizadas mediante la reduccién del
nitrato de plata por clorhidrato de hidroxilamina a T2 ambiente. La sintesis

resulté ser muy simple y duré poco mas de 10 minutos.

Los estudios de optimizacién de la etapa de detecciéon se centraron en
investigar el orden de deposicion de MK y AgNPs sobre el soporte de CaF, asi
como el volumen de AgNPs, mas adecuados para maximizar el efecto SERS. Los
resultados mostraron que al afiadir las AgNPs en ultimo lugar, el efecto de
incremento de seflal generado fue mas significativo lo que se puede
correlacionar con el hecho de que en este caso las AgNPs no fueron arrastradas
al anadir el extracto de MK encima. Se favorecié por tanto una interaccion
mejorada entre MK y la superficie del metal. En cuanto al volumen de AgNPs,
6 pL fue seleccionado como volumen o6ptimo. Alicuotas de mayor volumen
formaron gotas demasiado grandes que hicieron que las AgNPs se extendiesen
por un area mayor del soporte y se acumulasen preferentemente en los bordes
de la gota. Este hecho dificulté la interaccion entre AgNPs y MK, y también tuvo

efectos negativos sobre la reproducibilidad del método.

Variables experimentales como el volumen de muestra acuosa, el tipo de
eluyente, y el volumen de disolvente de lavado entre extracciones, fueron
consideradas en los estudios de optimizacion de la etapa de tratamiento de

muestra con MEPS.

La Figura V.2.9 muestra a modo de ejemplo un espectro Raman obtenido
a partir de una disolucién de MK en metanol (1000 mg L) depositada y
evaporada sobre el soporte de CaF». El espectro SERS fue medido después de
afiadir 6 pL de AgNPs sobre una disoluciéon de MK preparada en metanol a 0.1
mg L1
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Figura V.2.9. Espectros Raman y SERS obtenidos de 1000 mg L1y 0.1 mg L1 de MK,
respectivamente.

Varios picos Raman definen el espectro caracteristico de MK. El mas
prominente lo encontramos a 1390 cm'! que corresponde a la vibracién de
estiramiento del grupo NO;. El pico a 713 cm! podria asignarse a la flexion
simétrica en el plano (“tijera”) del grupo nitro. Y las bandas a 1004 cmt y 1276
cm! podrian ser asociadas a la vibracién del anillo aromatico y de la cadena
alifatica, respectivamente. El factor de incremento de sefial por efecto SERS fue

del orden de 9.3 x 105tomando como referencia el pico a 1390 cm-1.

El método MEPS-SERS optimizado tuvo un limite de deteccion de
20 pg L1y unos valores de recuperacion en agua de rio en el rango 47-63%. La
Figura V.2.10 presenta a modo de ejemplo un espectro SERS obtenido tras
aplicar el método MEPS-SERS a muestras de agua de rio previamente

fortificadas.
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Figura V.2.10. Espectro SERS obtenido tras Illevar a cabo el procedimiento MEPS-SERS
con una muestra de agua de rio fortificada con 0.2 mg L1 de MK.

A continuacién, se exponen las principales fortalezas y debilidades

encontradas tras analizar el procedimiento MEPS-SERS propuesto:

DN N NN Y N N

X

Fortalezas

El procedimiento es simple y econémico.

El tiempo total es reducido.

La sintesis de AgNPs es sencilla y requiere poco tiempo.

La cantidad de muestra acuosa necesaria es minima (500 pL).

El consumo total de disolvente organico es muy reducido (1 mL).

El factor de incremento de sefial Raman fue del orden de 105.

La portabilidad del espectrémetro Raman asi como del sistema MEPS

abre la posibilidad a la realizacion de estudios in situ.

Debilidades

Las AgNPs tienden a oxidarse con facilidad y por ello hay que

sintetizarlas con frecuencia.
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X La irreproducibilidad asociada a la deposicién del sustrato activo en
SERS es un factor limitante.
X Los valores de recuperacion en agua de rio no fueron

excepcionalmente buenos.

NANOPARTICULAS COMO OBJETOS DE EVALUACION TOXICOLOGICA

Las mismas propiedades que hacen que las NPs sean muy explotadas en
el ambito analitico, convierten a su vez su evaluacidn toxicolégica en una

tematica de estudio obligatoria.

La Nanotoxicidad engloba el estudio de los posibles impactos tdxicos de
las NPs sobre los sistemas biolégicos y ecoldgicos. El protocolo de evaluacién
consiste primero en la realizacién de ensayos in vitro con lineas celulares
aisladas de organismos vivos. A continuacidn, y una vez definidos los efectos a
nivel celular, se lleva a cabo una evaluacién toxicoldgica mas especifica sobre
organismos vivos (principalmente vertebrados) a través de la realizacion de

ensayos in vivo.

Los estudios toxicolégicos que se desempefaron durante la Tesis
Doctoral permitieron indagar en los efectos citotéxicos causados por diferentes
tipos de NPs sobre fibroblastos de embriones de ratén (lineas celulares
NIH/3T3 y 3T3-L1). Los estudios de toxicidad in vitro fueron planteados de
acuerdo a dos objetivos de partida. Por un lado, evaluar la influencia de las
propiedades fisicoquimicas de las NPs, en concreto su quimica superficial, sobre
su toxicidad asociada. Para ello se estudi6 en qué grado la diferente
funcionalizaciéon superficial de unas mismas AgNPs podria afectar a su
capacidad de internalizacion celular, estabilidad coloidal, tasa de oxidacién, y en
ultimo término, a su citotoxicidad. Por otro lado, se pretendia investigar la

influencia del entorno sobre la toxicidad de las NPs. En este sentido, se evalu el
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riesgo toxicoldgico asociado a la presencia simultanea de nanotubos de carbono
con un contaminante ambiental (4-nonilfenol) teniendo en cuenta las posibles

interacciones dadas entre ambas especies.

Influencia de la quimica superficial de las nanoparticulas de plata sobre
su toxicidad

Para conducir este trabajo de investigacion, se sintetizaron en primer
lugar AgNPs hidrofébicas recubiertas de dodeciltiol. A partir de éstas, se
sintetizaron posteriormente cuatro tipos de AgNPs hidrofilicas por aplicar
diferente funcionalizacién superficial a los ntcleos de plata originales. Las

AgNPs hidrofilicas obtenidas fueron las siguientes:

- AgNPs recubiertas de acido mercaptoundecanoico (AgNPs-MUA).

- AgNPs recubiertas de polimero anhidrido maleico de poliisobutileno

modificado con dodecilamina (AgNPs-PMA).

- AgNPs-PMA fueron a su vez recubiertas con polietilenglicol de 10 KDa
(PEG) en superficie. Cuando solo se unié una molécula de PEG en
superficie se consiguieron AgNPs-PMA-1PEG. Sin embargo, cuando la

superficie se saturé con PEG se obtuvieron AgNPs-PMA-satPEG.

Las AgNPs fueron sintetizadas en etapas consecutivas de menor a mayor
grado de funcionalizacidn superficial. Posteriormente, fueron sometidas a una
caracterizacion exhaustiva que consisti6 en determinar su didmetro
hidrodindmico (dn), potencial zeta, y estabilidad en disoluciones con

concentraciones variables de NacCl.
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Los estudios de caracterizacion revelaron que el recubrimiento con PEG
incrementé efectivamente el d, de las AgNPs. Los valores del potencial zeta nos
permitieron clarificar que la estabilidad coloidal estuvo gobernada por
repulsiones electrostaticas para AgNPs-MUA y AgNPs-PMA (debido a su carga

superficial negativa), y por repulsiones estéricas para AgNPs-PMA-satPEG.

La Figura V.2.11 muestra los resultados de los estudios de estabilidad en

disoluciones con concentraciones crecientes de NacCl.
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Figura V.2.11. Estudio de estabilidad coloidal. Cambios en el didmetro hidrodindmico (dp)
de los cuatro tipos de AgNPs sometidas a concentraciones variables de NaCl

Tal y como se puede deducir del incremento de dy a concentraciones
crecientes de NaCl, AgNPs-MUA se aglomeraron completamente, mientras que
el resto de AgNPs mantuvieron un dn mas o menos constante. La menor
estabilidad (por repulsiones electrostaticas) de AgNPs-MUA respecto a AgNPs-
PMA se explica por su menor potencial zeta negativo (-24.9+1.7 vs -31.0+1.3).
En cuanto a las AgNPs con PEG, su estabilidad definida por repulsiones estéricas

compenso los efectos negativos derivados de la adicion de NaCl
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La oxidacién de las AgNPs con la consecuente liberacién de iones Ag* al
medio se considera una de las principales causas de su toxicidad. Teniendo en
cuenta que la tasa de oxidacion de las AgNPs puede variar segun el tiempo de
incubacién y el pH del medio, se llevaron a cabo estudios incubando los cuatro
tipos de AgNPs a diferentes tiempos y condiciones de pH. Los resultados
obtenidos por ultracentrifugacion de las disoluciones y andlisis por ICP-MS se

presentan en la Tabla V.2.6.

Tabla V.2.6. Cantidad de Ag* liberada, expresada como porcentaje respecto a la
concentracion total de plata presente segtin el tiempo de incubacién y el pH.

Incubacién a pH 7.0

Nanoparticulas Dia 0 Dia 7 Dia 14
AgNPs-MUA <0.0015 <0.0015 <0.0015
AgNPs-PMA <0.0015 <0.0015 0.146x0.001
AgNPs-PMA-satPEG <0.0015 <0.0015 <0.0015

Incubacién a pH 3.0

Dia 0 Dia 7 Dia 14
AgNPs-MUA 0.781+0.002 1.316+0.002 -
AgNPs-PMA 1.120+0.004 1.390+0.003 -
AgNPs-PMA-satPEG 0.701+0.001 0.735+0.001 -

Los resultados evidenciaron que incluso en el peor de los casos (pH 3.0 y
7 dias de incubacién) la tasa de oxidacién estuvo en torno al 1%, lo que
confirma que las AgNPs no se disolvieron completamente como podria
esperarse. Ademas, la oxidacién se acentu6 a pH acido lo que supone que dentro
de los compartimentos intracelulares de tipo endosomas o lisosomas (con

pH=4-5) la oxidacion de las AgNPs se vera favorecida.

El diferente recubrimiento superficial de las AgNPs no afect6 a la
liberacién de iones Ag* ya que no se encontraron diferencias notables en la
oxidacion sufrida por los cuatro tipos de AgNPs. Esto podria justificarse por el
hecho de que el recubrimiento inicial mas cercano al nucleo fueron cadenas

hidrocarbonadas de longitud parecida para todas las AgNPs investigadas. El
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recubrimiento adicional con PEG no ejercié por tanto ningin efecto sobre la

oxidacion de las AgNPs.

Para conducir los estudios de internalizacién celular y ensayos de
citotoxicidad se emplearon células NIH/3T3. Para los primeros, las células
fueron expuestas durante 15 horas a AgNPs-PMA y AgNPs-PMA-satPEG
modificadas con el fluoréforo DY-636. Se ha descrito que la presencia de
moléculas PEG en la superficie de las NPs reduce su habilidad de penetracién
celular con respecto a las mismas NPs sin recubrir. Por lo tanto, si exponemos
las células a las mismas cantidades de plata en forma de AgNPs-PMA y de
AgNPs-PMA-satPEG, estaremos considerando la misma cantidad de plata pero
con diferente grado de internalizacion celular. Las imagenes de microscopia
confocal obtenidas se muestran en la Figura V.2.12. Estas confirmaron que la
saturacion de la superficie con PEG redujo enormemente la internalizacién

celular de las AgNPs.

AGNPS-PMA ™ AgNPs-PMA-satPEG

Figura V.2.12. Imdgenes de fluorescencia de células que han sido expuestas durante 15
horas a AgNPs-PMA y AgNPs-PMA-satPEG marcadas superficialmente con DY-636. Las
imdgenes son el resultado de la superposicion del canal de transmision y el de
fluorescencia. La barra de escala equivale a 20 um.
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El ensayo Azul Alamar o de la resazurina fue tomado como protocolo
experimental para evaluar la citotoxicidad asociada a las diferentes AgNPs
investigadas. Esta ensayo mide el potencial que presentan las células vivas para
reducir un colorante no fluorescente (resazurina) a un producto fluorescente
(resorufina) mediante la acciéon de sus enzimas mitocondriales. Las células
fueron incubadas durante 24 horas con las diferentes AgNPs. El incremento de
fluorescencia observado (Aexe 560nm; rango emisién 572-650nm) fue
directamente proporcional a la viabilidad celular de las muestras. La Figura
V.2.13 muestra las curvas dosis-respuesta obtenidas para los cuatro tipos de
AgNPs. El valor de dosis letal media (LDso) se considera el punto de inflexion de
la curva y equivale a la concentracién que causa una mortalidad celular del

50%.

1.0 toxicidad
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Figura V.2.13. Curvas dosis-respuesta obtenidas a partir del ensayo de la resazurina con
células NIH/3T3 expuestas durante 24 horas a diferentes AgNPs. AgNO3 fue el control
positivo del ensayo.
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La cantidad de plata es expresada de tres formas distintas: i) cantidad de
plata total [c(Ag)]; ii) molaridad de AgNPs presentes [c(AgNP)]; y iii) cantidad
de plata en la superficie de las AgNPs [csurr (Ag)]. Esta triple escala nos permite
comparar la citotoxicidad de una misma cantidad de plata en forma de iones
(AgNO03), o en forma de NPs (AgNPs). Las principales conclusiones derivadas de
los ensayos de citotoxicidad, asi como del resto de estudios desarrollados se

esquematizan en la Figura V.2.14.

AgNO;>>>> AgNPs

aﬁectaa Diferente superficie quimica afe%
. )
de las nanoparticulas

%o afectaa

izaci6 L Tendenciaa la
Internalizacion Oxidacién A
celular aglomeracion

>a pH 4cido

Diferente citotoxicidad

Figura V.2.14. Conclusiones mds significativas derivadas del trabajo sobre toxicidad de
AgNPs con diferente quimica superficial

Como se puede inferir de la Figura V.2.14:

» Todas las AgNPs mostraron una toxicidad inferior a AgNOsz al

normalizar a cantidad de plata presente [eje c(Ag)].

» Los diferentes recubrimientos (MUA y PMA, con o sin PEG) no
marcaron diferencias notables en la oxidacién del nucleo de plata. La

oxidacion de las AgNPs solo estuvo influenciada por el pH del entorno,
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de forma que a pH 4cido la oxidacion fue superior a aquella observada a
pH neutro. Esto confirma que dentro de los compartimentos
intracelulares como endosomas/lisosomas se espera que la oxidacion

sea mas acentuada que en el medio extracelular.

» A pesar de presentar igual grado de oxidacion, AgNPs-MUA resultaron
ser bastante mas tdéxicas que AgNPs-PMA lo que se explica por su peor

estabilidad en medios salinos.

» La saturacion de la superficie de AgNPs-PMA con moléculas de PEG
redujo su internalizaciéon celular y esto se tradujo en una menor
toxicidad (valores de LDso superiores). Con lo cual podemos concluir
que para cantidades equivalentes de Ag, la Ag intracelular (AgNPs-
PMA) es mas toxica que aquella presente en el medio extracelular

(AgNPs-PMA-satPEG).

» La inclusién de una dnica molécula de PEG sobre la superficie no

ocasiono6 cambios en la toxicidad de AgNPs-PMA.

Influencia de la presencia de otra especie quimica sobre la toxicidad de
los nanotubos de carbono

La influencia del entorno es un aspecto clave en la evaluaciéon de los
efectos toxicolégicos de las NPs. Diferente contenido salino o la presencia de
proteinas pueden alterar la estabilidad de las NPs en disolucion. Asimismo
fluctuaciones en el pH del entorno influyen en el grado de oxidacién de algunas
NPs, como ya vimos para las AgNPs. Todos estos factores pueden modular

finalmente la toxicidad derivada de las NPs.
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Sin embargo, hay un aspecto que no se tiene en cuenta en la mayoria de
estudios de toxicidad actuales, y es el efecto de la coexistencia de las NPs con
otras especies. La elevada area superficial especifica y reactividad quimica de
las NPs, hacen que su interaccién con otras especies sea mas que probable
cuando entren en contacto. A pesar de este hecho, los riesgos toxicoldgicos
derivados de esta interaccién han sido muy poco investigados. En algunos
trabajos ya publicados, efectos téxicos aditivos, sinérgicos o antagénicos fueron
observados tras la exposicion de las células a mezclas de NPs con otros
compuestos. Esto sugiere que la toxicidad resultante de una mezcla puede ser
impredecible atin conociendo la toxicidad de las especies individuales que la

componen.

El trabajo de investigacion desarrollado evalia por primera vez, los
riesgos toxicolégicos asociados a la presencia simultdnea de nanotubos de
carbono monocapa recubiertos con PEG (SWCNTs-PEG) y un conocido
contaminante ambiental. SWCNTs-PEG fueron seleccionados por su mayor
biocompatibilidad y solubilidad en medios acuosos en comparaciéon a esas
mismas NPs sin recubrimiento. 4-nonilfenol (NP) fue elegido por su relevancia
ambiental ya que es un contaminante ubicuo que actia como disruptor
endocrino. Adema3s, la estructura del NP con un anillo aromatico y una larga

cadena hidrocarbonada favoreceria su interaccién con los SWCNTs-PEG.

Los estudios toxicolodgicos in vitro fueron conducidos con células 3T3-L1.
La actividad metabélica de células expuestas durante 24/48 h a tratamientos
con SWCNTs-PEG y NP, solos o en combinacién, fue evaluada mediante el
ensayo de citotoxicidad del MTT. En este caso la viabilidad celular presente en
las muestras es proporcional a la absorbancia de un producto fluorescente
(formazan) que es generado como consecuencia de la actividad metabdlica de

células vivas.
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La Figura V.2.15 muestra los porcentajes de viabilidad celular obtenidos
de células expuestas durante 24 h a tratamientos individuales con (A) SWCNTs-

PEG y (B) NP, en medios de incubacion sin suero.
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Figura V.2.15. Viabilidad celular (respecto al control) de células expuestas durante 24
horas a (A) SWCNTs-PEG y (B) NP, en estudios separados.

Como se observa en los resultados derivados de los estudios con
SWCNTs-PEG (Figura V.2.15 A), solo el tratamiento con 24 mg L1 tuvo efectos
negativos considerables sobre la viabilidad celular. En cuanto a los tratamientos
con NP (Figura V.2.15 B), dosis de 2, 5 y 10 mg L-! de NP provocaron una

mortalidad celular extremadamente elevada.

385



BLOQUEV

La presencia de suero en el medio de cultivo quiso ser investigada por su
efecto sobre la estabilidad de los SWCNTs-PEG, ya que se ha descrito que las
proteinas del suero rodean las NPs y les confieren una mayor estabilizacion en
ambientes bioldgicos a través de repulsiones estéricas. La Figura V.2.16
muestra los porcentajes de viabilidad celular obtenidos de células expuestas
durante 24 horas a tratamientos individuales con SWCNTs-PEG (2.6 y 13
mg L1) y NP (2, 5 y 10 mg L) en medios de cultivo sin suero y en otros

conteniendo un 10% de suero fetal bovino (FBS).
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Figura V.2.16. Efecto de la presencia de suero sobre la toxicidad de SWCNTs-PEG y NP
para exposiciones de 24 horas.

El suero aumento la tolerancia de las células hacia todos los tratamientos
individuales, ejerciendo un efecto “protector” sobre las mismas. Este efecto fue
mucho mas notable para los tratamientos con NP, aunque también se observd
en menor grado para los tratamientos con SWCNTs-PEG. El suero mejoré la
estabilidad de los SWCNTs-PEG en el medio de cultivo, ya que permitié la
preparacion de dispersiones visiblemente mas estables. Esta mayor estabilidad
se tradujo en una menor toxicidad (ver tratamientos con 13 mg L-1 de SWCNTs-

PEG).
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Una vez concluidos los ensayos con NP y SWCNTs-PEG por separado, las
células fueron expuestas durante 24 horas a mezclas de estas dos especies en
medios con o sin suero. La elevada toxicidad asociada a NP en medios sin suero
impidié investigar posibles efectos toxicos combinados en las mezclas con

SWCNTSs-PEG.

Por lo general, los ensayos en los que las células fueron expuestas a NP y
SWCNTs-PEG simultidneamente, no revelaron evidencias claras de toxicidad
combinada (adicidn, sinergia, o antagonismo) entre SWCNTs-PEG y NP, sino que
la toxicidad resultante de la exposicion a las mezclas quedé definida por aquella
asociada a la especie mas toxica presente. No obstante, se registraron algunos
casos puntuales en los que la combinaciéon de SWCNTs-PEG y NP redujo la
viabilidad celular atin cuando a esas mismas concentraciones y por separado, ni
SWCNTs-PEG ni NP tuvieron efectos citotéxicos sobre las células. La Figura
V.2.17 representa los porcentajes de viabilidad celular para aquellos casos (Ay
B) que sugieren mecanismos de toxicidad sinérgica entre SWCNTs-PEG y NP. Se
presentan los porcentajes de viabilidad celular obtenidos para los tratamientos

con SWCNTs-PEG y NP por separado, y en combinacion.
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Figura V.2.17. Tratamientos individuales y con mezclas que sugieren posibles efectos
citotoxicos sinérgicos; A (2 mg L1 de NP; 13 mg L1 de SWCNTs-PEG; y sus mezclas); B (5
mg L1 de NP; 2.6 mg L! de SWCNTs-PEG; y sus mezclas).
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El caso A refleja un efecto sinérgico mas notable. Como se puede apreciar,
cuando las células fueron expuestas a SWCNTs-PEG y NP por separado, no se
observaron efectos citotoxicos (viabilidad celular del 100%), pero cuando
fueron incubadas con las mezclas (SWCNTs-PEG + NP) la tasa de mortalidad

celular alcanzdé valores en torno al 32%.

En el caso B, el incremento de toxicidad por exposiciones a mezclas de
SWCNTs-PEG y NP respecto a los tratamientos individuales, fue tan solo del
12% pero aln asi, la tendencia observada en este caso fue diferente al resto de
tratamientos con mezclas y por eso hemos considerado mencionarlo en este

punto.

La influencia del tiempo de exposicion fue también examinada realizando
estudios a 48 horas. Los resultados no mostraron diferencias significativas con
las exposiciones de 24 horas, salvo para los tratamientos con la concentracion
mas elevada de NP (10 mg L-1). Igualmente en estos estudios se observo que el
suero tuvo un efecto “protector” sobre las células para tratamientos con
SWCNTs-PEG (13 mg L-1), de forma que la toxicidad se redujo notablemente de
un 90% a un 44%. Esto se podria correlacionar con el hecho de que las
proteinas confieren una mayor estabilidad a las NPs en medios biolégicos y esto
en nuestro caso parece reducir su toxicidad inherente. Por lo general, no se
observaron evidencias de toxicidad combinada entre SWCNTs-PEG y NP,
exceptuando un caso puntual en el que la toxicidad obtenida tras la exposicion a
las mezclas (SWCNTs-PEG + NP) superd en un 10% a aquella observada para los

tratamientos individuales.

Con caracter innovador, el potencial de la Espectroscopia Raman para
conocer la distribuciéon intracelular de los SWCNTs-PEG se puso en practica. En
primer lugar, se seleccionaron aquellas regiones Raman caracteristicas de
células y SWCNTs-PEG que permitirian su identificacion posterior en muestras
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biologicas (regiones de huellas digitales). Para ello se analizaron
independientemente células y SWCNTs-PEG, y se obtuvieron los espectros

Raman que se muestran en la Figura V.2.18.
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Figura V.2.18. Espectros Raman caracteristicos de células 3T3-L1 y SWCNTs-PEG.

La banda localizada en el rango 2800-3000 cm! (pico a 2936 cm1) fue
seleccionada como regién espectral caracteristica, o huella digital, de las células.
Asumimos que esta banda corresponde en términos generales al estiramiento

simétrico y asimétrico de los grupos CH, CH; y CHs.

En el espectro de los SWCNTs-PEG distinguimos tres bandas Raman
caracteristicas de las estructuras de grafito. La banda D (1316 cm-!) se relaciona
con los defectos presentes en la estructura del grafito, y puesto que es casi
imperceptible para SWCNTSs-PEG, esto es indicativo de la falta de defectos en su

estructura. La banda G (1595 cm-) corresponde a la vibracién fundamental
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(primer orden) de elongacién tangencial. La banda G’se asocia a un sobretono
(segundo orden). Nosotros seleccionamos la banda G de mayor intensidad como
huella digital de los SWCNTs-PEG para identificar su localizacion dentro de las

muestras biologicas.

Una vez seleccionadas las huellas digitales, se procedié al andlisis de
muestras bioldgicas con células 3T3-L1 que fueron previamente expuestas
durante 24 horas a SWCNTs-PEG (13 mg L1). La Figura V.2.19 muestra el

analisis Raman llevado a cabo.
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Figura V.2.19. Andlisis Raman de una célula 3T3-L1 después de su exposicion durante 24
ha 13 mg L1 de SWCNTs-PEG. La imagen superpuesta fue obtenida por asignar diferentes
colores a las imdgenes Raman de la célula (azul) y los SWCNTs-PEG (rojo). Los espectros
Raman promedio del drea analizada también son presentados.
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Tal y como puede verse en la imagen Raman superpuesta, los SWCNTs-
PEG se acumularon en las células después de la exposicion. Ademas, la
presencia de la regidn caracteristica de las células en el espectro de los
SWCNTSs-PEG y viceversa, confirma la interaccién producida entre ambos. Los
SWCNTSs-PEG se distribuyeron de forma generalizada por toda la célula, si bien
hay que decir que apenas se observaron en la zona del ntcleo. Esto concuerda
con la mayoria de publicaciones relacionadas en las que las NPs se distribuyen
por las zonas cercanas a la membrana o en compartimentos intracelulares

(endosomas o lisosomas) pero rara vez en el nucleo.

Valoracion general de los estudios de toxicidad

La evaluaciéon toxicoldgica llevada a cabo en los dos trabajos de
investigacidon anteriormente discutidos, se realizé mediante ensayos in vitro que
tuvieron un fundamento similar. En ambos casos, la viabilidad celular de las
muestras fue calculada en base a la formacion de un producto como
consecuencia de la actividad metabdlica de células vivas. Este producto fue
fluorescente para el ensayo Azul Alamar o de la resazurina (deteccidén por
fluorimetria) o coloreado para el ensayo MTT (deteccion por
espectrofotometria). Asimismo, las células pertenecientes a la misma tipologia,
fibroblastos de origen embrionario de ratén, fueron expuestas durante 24/48h
a tratamientos con las NPs con el objetivo de clarificar, o bien los efectos de su
quimica superficial, o aquellos derivados de su interacciéon con otro

contaminante ambiental bastante comun.

La Tabla V.2.7 resume y compara los estudios toxicologicos realizados.
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Conclusiones

Esta Memoria consta de dos grandes bloques tematicos. Un primer bloque
(Bloque III) centrado en el desarrollo de nuevas metodologias analiticas basadas
en el empleo de NPs y aplicadas al control medioambiental. Y un segundo
bloque (Bloque 1V) cuya finalidad fue investigar la toxicidad de varios tipos de
NPs dando prioridad a diferentes factores influyentes en la misma, como la

quimica superficial, o la presencia e interaccién con otras especies quimicas.
En esta seccion se expondran las principales conclusiones derivadas de la
investigacién desarrollada durante la Tesis Doctoral en funciéon del bloque

tematico al que pertenecen.

Para aquellos trabajos sobre aplicaciones analiticas, destacamos que:

v El rol de las CNPs como tercera fase dentro de un esquema
convencional de CPE fue evaluado por primera vez. La introduccion de NPs en el
sistema, asi como los efectos derivados de su interacciéon con las estructuras
micelares presentes, facilitaron la formacién de dos fases distinguibles y por

tanto permitieron la consecucion de la extraccion.

v' La capacidad de las CNPs para mejorar la eficiencia de extracciéon fue
investigada en un sistema de LLE asistido por una interfase de CNPs. La
membrana formada por CNPs estabilizadas reforzé el transporte de soluto de la

fase acuosa a la organica.

v Un procedimiento analitico muy simple y de bajo coste fue propuesto
para la determinaciéon de un compuesto farmacéutico mediante el empleo de
tan solo 15 mg de CNTs como fase sorbente en la etapa de tratamiento de

muestra.
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v' Las propiedades fisicoquimicas de las NPs junto con su interaccién con
el medio, condicionaron su diferente comportamiento de extraccion. El estado
de aglomeracion, el tamafio, los grupos funcionales superficiales derivados de
su sintesis, el area superficial especifica y el tipo de interacciones que
establecen con el medio y las especies presentes en €él, conforman un escenario
bastante complejo para justificar el comportamiento de las NPs. Ademas, tanto
el analito como los mecanismos que sustentan la extraccién en cada caso,
influyen en la idoneidad de las NPs para los diferentes procedimientos

planteados.

v' La habilidad de las AgNPs para mejorar la sefial de deteccion Raman a
través del efecto SERS qued6 demostrada al obtenerse factores de incremento
de la sefial del orden de 105 respecto a aquella obtenida en ausencia de estas

NPs.

En cuanto a los estudios de toxicidad conviene sefialar que:

v La diferente funcionalizacién superficial de las AgNPs afect6 a su
estabilidad coloidal en disoluciones salinas, y por lo tanto, también afect6 a su

toxicidad. Las NPs menos estables provocaron una mayor mortalidad celular.

v El grado de internalizacién celular de las NPs puede ser alterado en
funcion del recubrimiento superficial que presenten. Este hecho se correlaciona
con la diferente toxicidad observada para las NPs internalizadas en diferente
grado. Por consiguiente, la quimica superficial influye en la toxicidad de las NPs

por condicionar su diferente habilidad de penetracion celular.

v' La oxidacidn de las AgNPs, si bien es una de sus principales causas de
toxicidad, no se vio alterada por el diferente recubrimiento superficial, sino mas
bien por el pH del medio.
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v La oxidacién de las AgNPs se favoreci6 en ambientes acidos, por lo
tanto cuando estas NPs se encuentren dentro de los compartimentos
intracelulares de tipo endosomas/lisosomas (con un pHx4-5), cabe esperar una

tasa de oxidacién superior a aquella producida en el medio extracelular neutro.

v La misma cantidad de plata result6 ser menos toxica en forma de NPs

que en forma de iones de Ag* (AgNO3).

v Los estudios de interacciéon entre SWCNTs-PEG y 4-nonilfenol no
revelaron evidencias claras de toxicidad combinada (adicién, sinergia o

antagonismo) pese a la interaccién esperada entre ambas especies.

v El suero ejerci6 un efecto “protector” sobre las células ya que
incrementé la tolerancia de las mismas a todos los tratamientos con SWCNTs-
PEG y 4-nonilfenol. Las proteinas del suero mejoraron la estabilidad de las NPs

en el medio de cultivo, y esto se tradujo en una menor mortalidad celular.

v El empleo de la Espectroscopia Raman permitié conocer la
distribucién intracelular de los SWCNTs-PEG, una vez fueron definidas las
regiones Raman caracteristicas o huellas digitales. Indudablemente, esta técnica
proporciona nuevas oportunidades para el imaging de las células a pesar del
hecho de que su aplicacion en este ambito se encuentra todavia en sus primeras

fases.
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This Report is consisted of two principal thematic blocks. A first block (Block
III), about the development of new analytical methodologies based on the use of
NPs and applied to the environmental control. And a second block (Block V),
focused on examining the toxicity of several types of NPs giving priority to
different influential factors, such as the surface chemistry, or the presence and

interaction with other chemical compounds.
In this section, the main conclusions derived from the research developed
during the Doctoral Thesis will be presented acccording to the block they belong

to.

For those research_works devoted to _the development_of new_analytical

applications, we highlight that:

v' The role of CNPs as third phase in the conventional CPE technique has
been investigated for the first time. The inclusion of NPs in the aqueous system
and the effects arising from their interaction with the micellar aggregates,
favored the formation of two clearly discernible phases that allowed performing

the extraction.

v’ The potential of CNPs as pseudophase in the conventional LLE technique
was demonstrated in terms of enhanced extraction efficiency in comparison to the
classical technique without NPs. The membrane composed of stabilized CNPs,
located between the aqueous and organic phases, favored the extraction by

providing additional avenues for solute transport.

v' An extremely simple and low cost analytical procedure has been
developed for determining a pharmaceutical compound by using only 15 mg of

CNTs as sorbent phase in the sample treatment step.
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v" The physicochemical properties of NPs along with their interaction with
the medium determine their different extraction behavior. The agglomeration
state, size, residual surface groups resulting from synthesis process, specific
surface area, and type of interactions established with the extraction medium and
their components, constitute a complex scenario for warranting the behavior
observed for all NPs investigated. Additionally, the target analyte and the
mechanisms that support the extraction in each case, affect the suitability of the

NPs for the different procedures proposed.
v' The ability of AGNPs to improve the Raman signal by SERS effect has
been proved. A 105-fold enhancement factor of Raman signal was achieved thanks

to the presence of these NPs.

Regarding toxicity studies, it should be pointed that:

v' The different surface functionalization of AgNPs affected their colloidal
stability in saline solutions and consequently, their toxicity. Less stable NPs

provoked a greater cell mortality.

v' The uptake of NPs by cells can be modulated by their surface coating.
This fact is correlated with the distinct toxicity observed for NPs internalized in
different degree. Thus, the surface chemistry influences the toxicity of NPs by
altering their uptake by cells.

v While the oxidation rate of AgNPs is one of the most important toxicity
mechanisms associated to these NPs, no variations were reported depending on

their surface coating. In contrast, the pH was a very influential factor.

v' The oxidation of AgNPs is favored in acidic environments, therefore,

once these NPs are internalized inside intracellular compartments of
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endosomal/lysosomal type (with pH~4-5), a higher oxidation rate than in the

neutral extracellular medium is expected.

v' The same amount of silver turned out to be less harmful in form of NPs

than as Ag* ions (AgNO3).

v' The studies of interaction of SWCNTs-PEG with 4-nonylphenol revealed
no clear evidences of combined toxicity (addition, synergy, antagonism) despite

the interaction expected between both species.

v' The serum had a “protective” effect on cells since increased their
tolerance to all treatments with SWCNTs-PEG and 4-nonylphenol. Serum proteins
enhanced the stability of NPs in culture medium and this fact led to lower cell

mortality rates.

v The potential of Raman spectroscopy to examine the distribution of
SWCNTs-PEG inside biological samples has been confirmed. The analysis of
Raman spectroscopic fingerprints (characteristic Raman regions) for cells and
CNTs allowed elucidating their location within samples. Undoubtedly, Raman
technique provides new opportunities for cell imaging despite the fact that its

application to that field is still in its early stage.

400



AUTOEVALUACION
SELF-ASSESSMENT






Autoevaluacion

Ademas de las aportaciones mas relevantes que se han expuesto en la
seccion anterior, también convendria mencionar aquellas carencias o
dificultades encontradas en el desarrollo de la fase experimental, para asi poder

definir las lineas futuras de investigacion necesarias en este sentido.

A continuacién se describen las principales limitaciones de la

investigacién desarrollada durante la Tesis Doctoral.

X El diferente comportamiento de extracciéon de las NPs habria sido
mejor justificado con la ayuda de estudios de caracterizacién de las NPs

implicadas, en especial, aquellas sintetizadas experimentalmente.

X Los bajos factores de preconcentracién obtenidos en algunos casos
podrian haber sido mejorados al incluir una nueva o mas eficiente etapa de

evaporacion dentro del procedimiento analitico.

X Los métodos analiticos desarrollados fueron en todos los casos
aplicados a la determinacién de un dnico analito, por lo tanto, seria conveniente
que, una vez optimizado el protocolo experimental, se llevasen a cabo estudios
para la determinacién simultanea de varios analitos presentes en una misma

muestra.

X La reutilizacién del cartucho con CNTs en el procedimiento de SPE nos
habria permitido simplificar en mayor grado la etapa de extraccién, mejorar la

reproducibilidad, y reducir el coste y consumo de NPs.

X En cuanto a los estudios toxicoldgicos, éstos podrian haber sido
conducidos por diferentes ensayos in vitro que permitiesen contrastar los

resultados obtenidos, no necesariamente en términos cuantitativos de
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viabilidad celular pero si en informacién cualitativa. Experimentos paralelos

con diferentes ensayos habrian mejorado la fiabilidad de los resultados.

X Los efectos citotoxicos observados corresponden a un tipo concreto de
NPs y sobre una linea celular especifica. Esto impide extrapolar los resultados a
otras condiciones experimentales, y por tanto, establecer conclusiones

generalizadas.

X La investigacion sobre los mecanismos generadores de toxicidad de
las NPs, tales como la formacién de ROS o las alteraciones morfolédgicas, habria

enriquecido y complementado la evaluacién toxicolégica realizada.

X Una evaluacion mas completa (en términos de citotoxicidad)
considerando mas concentraciones de 4-nonilfenol y SWCNTs-PEG, separados o
en mezclas, nos habria permitido construir las curvas de dosis respuesta
correspondientes a las especies solas y en combinacién. Esta informacién
habria arrojado mas luz sobre los posibles efectos de toxicidad combinada
teniendo en cuenta un abanico mas amplio de condiciones de estudio. Ademas,
la comparacién en términos de LDso para las especies solas y en combinacion

habria sido mas representativa de la tendencia general observada.
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In addition to the most relevant contributions that were exposed in the
previous section, it should be also noted those shortcomings found throughout the
development of experimental phase, with the purpose of defining future research

lines needed to overcome them.

Below, the most important limitations of the research performed during the

Doctoral Thesis are mentioned.

X The different behavior exhibited by NPs in the proposed extraction
schemes could have been better warranted with the help of characterization

studies for all the NPs investigated, especially those synthesized experimentally.

X The low preconcentration factors obtained in some cases could have
been enhanced by including an additional or more efficient evaporation step

within the analytical procedure.

X All analytical methodologies were applied to the determination of one
analyte consequently, it would be convenient that once the experimental protocol
was optimized, further studies were aimed to analyze several analytes from a

same sample.

X The reuse of the SPE cartridges prepared with packed CNTs would have
allowed us to simplify to a greater extent the extraction step, improving the

reproducibility, and reducing the cost and consumption of NPs.

X Regarding toxicological studies, different cytotoxicity assays could have
been performed in order to contrast the results, no necessarily in terms of
percentages of cell viability but in qualitative information. Parallel experiments

with different assays would have increased the reliability of the results obtained.
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X Qutcomes arising from toxicological studies are related to the cytotoxic
effects caused by a type of NPs and on a particular cell line. This fact prevents
from extrapolating the results to other experimental conditions and thus,

establishing generalized conclusions on the effects observed.

X Further research on mechanisms of toxicity of NPs including the
generation of ROS or the analysis of morphological alterations would enrich and

complement the toxicological evaluation carried out.

X A more exhaustive evaluation (in terms of cytotoxicity) for further
concentrations of 4-nonylphenol and SWCNTs-PEG, alone or in combination,
would have allowed us to plot the dose response curves corresponding to single
compounds and mixtures. This information would have shed light on potential
effects of combined toxicity considering a broader range of incubation conditions.
The comparison in terms of LDsy for single compounds and mixtures would have

been more representative of the general tendency observed.
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The classic cloud point extraction has been modified by the inclusion of nanodiamonds and applied to the
extraction—preconcentration of fluoranthene from river water. The effects of ionic strength and surfactant
concentration, process temperature, incubation time, nanoparticle type and concentration and elution
conditions were investigated in depth. The effect of the carbon nanopartides (CNPs) on the
performance of the conventional cloud point scheme enabled the formation of two phases in a
relatively short time and without temperature requirements. Experiments carried out under optimized
conditions but in absence of nanoparticles were unsuccessful in terms of phase separation and
consequently, the nanopartices are indispensable to the analytical performance. The work developed
here, confirms the versatility of the CNPs to be introduced in diverse sample treatment processes,
resulting very interesting to investigate in each case their impact on the performance of the process.
The application of the proposed method followed by fluorimetric detection enabled the determination
of fluoranthene in spiked river water providing a good relative standard deviation (RSD) (6.6%, n = 3)
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1 Introduction

Analytical methods with high sensitivity, selectivity and
resolution are required in order to determine analytes at
trace concentration levels in complex matrices. Extraction-
separation techniques overcome this problem since they isolate
analytes from the matrix, thereby reducing, controlling or
eliminating the interferences originally present, and addition-
ally, preconcentrate and determine the analytes at very low
concentrations.! Conventional extraction techniques such as
liquid-liquid or solid-phase extraction (LLE, SPE) and liquid-
phase or solid-phase microextraction (LPME, SPME) are rela-
tively expensive, tedious and consume large amounts of organic
solvents.?

Cloud point extraction (CPE) has become one of the most
outstanding extraction techniques. This technique is based on
the separation of a homogeneous micellar aqueous solution
into two isotropic liquid phases. One of them, the smaller-
volume surfactant-rich phase, contains the surfactant interact-
ing with the analyte molecules at a concentration above its
critical micellar concentration (CMC), that is the surfactant
concentration above which the surfactant molecules aggregate
to form micelles. The other larger-volume aqueous phase is only
composed of surfactant molecules at a concentration close to
the CMC. In comparison to the above mentioned extraction

Department of Analytical Chemistry, Marie Curie Building (Annex), Campus de
Rabanales, University of Cordoba, E-14071 Cordoba, Spain. E-mail: galmeobj@uco.
es; Fax: +34 957 218616; Tel: +34 957 218616

3864 | Anal Methods, 2013, 5, 3864-3871

and acceptable recovery values (=65%).

techniques CPE shows remarkable advantages such as, versa-
tility for extracting and preconcentrating analytes of different
nature, variable preconcentration factors depending on the
amount of surfactant added, lower loss of analyte since it is not
necessary to evaporate the solvent, low cost and no toxicological
effects thanks to the use of biodegradable surfactants. The
limitations are mainly related to the high background absor-
bance of the surfactants in the UV region and to the handling of
the surfactant-rich phase since this is too viscous to be directly
injected into conventional analytical instruments, and therefore
a previous dilution or clean up step is usually necessary before
detection.'™ In order to ensure that separation into two phases
oceurs, two conditions are required. The first is that the
surfactant concentration must exceed the CMC for the forma-
tion of micelles. The second is that the experimental conditions
such as temperature, pressure and ionic strength must be
altered. When separation into two phases takes place, the
solution becomes turbid due to the diminished solubility of the
surfactant in water. However, this phenomenon is reversible
when the experimental conditions return to their initial point.
The cloud point temperature (CPT), temperature at which the
soludon becomes turbid, plays an important role in the
formation of the two phases when nonionic or zwitterionic
surfactants are used. The mechanism by which two phases are
formed is still subject of controversy. However, it may be
attributed to the competition between the entropy (which
promotes the solubility of the micelles in water) and enthalpy
(which promotes the separation of the micelles from water)
when the temperature of the system increases." The water

This journal is ® The Royal Society of Chemistry 2013
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1 Introduction

The excessive and uncontrolled use of herbicides in agriculture
crops causes the contamination of soils, and due to their
persistence and mobility, the surface and ground waters are
also affected by mechanisms such as the leaching or runoff

of these compounds.

Atrazine (2-chloro-4-ethylamino-6-isopropylamino-1,3,5-tri-
azine) is a herbicide belonging to the triazines family and it is
widely used for broadleaf and grassy weed control. Among its
known toxic effects, its estrogenic activity should be pointed out
since this herbicide acts as environmental endocrine disruptor
resulting in high toxicity.' As a consequence, atrazine has been
already determined in different kinds of environmental
matrices such as, soils,* groundwater,” surface waters' and
atmosphere.” The analytical techniques frequently reported in
the detection of this herbicide focus on liquid or gas chroma-
tography optionally coupled with mass
although to a lesser extent, capillary electrophoresis,” immu-
and spectrophotometry," among
others techniques, have been also used with this same purpose.

noassay,” voltammetry'®

In most cases, a preconcentration step prior to analytical
detection is necessary since herbicides are usually found at low
concentrations in waters. Liquid-liquid extraction (LLE),"

RSCPublishing

Liquid-liquid extraction assisted by a carbon
nanoparticles interface. Electrophoretic determination
of atrazine in environmental samples

Encarnacion Caballero-Diaz,® Bartolomé Simonet” and Miguel Valcarcel*®

Anovel method for the determination of atrazine, using liguid-liquid extraction assisted by a nanopartides
film formed in situ and composed of organic solvent stabilized-carbon nanoparticles, is described. The
presence of nanoparticles located at the liquid-liquid interface reinforced the extraction of analyte from
matrix prior to capillary electrophoresis (CE) analysis. Some influential experimental variables were
optimized in order to enhance the extraction efficiency. The developed procedure confirmed that
carbon nanopartides, especially multi-walled carbon nanotubes, are suitable to be used in sample
treatment processes introducing new mechanisms of interaction with the analyte. The application of the
proposed preconcentration method followed by CE detection enabled the determination of atrazine in
spiked river water providing acceptable RSD values (11.6%) and good recoveries (about 87.0-92.0%).
Additionally, a similar extraction scheme was tested in soil matrices with a view to further applications
in real soil samples.

solid-phase extraction (SPE)," solid phase microextraction
(SPME)" and liquid phase microextraction (LFME)” have been
reported as sample treatment techniques in order to extract
atrazine from different matrices, SPE being the most widely
described technique to date.

The use of nanoparticles as components of the extracting
phase in liquid extraction procedures has gained importance.
Carbon nanotubes (CNTs) are considered as excellent sorbents
for organic compounds due to their large adsorption surface
and high affinity for these compounds.*® Nanodiamonds (NDs),
carbon nanoparticles with a truncated octahedral architecture,
have also been extensively investigated because of their high
adsorption capacity and specific surface area, however their
applications in sample treatment processes are still reduced.
Their sorption properties make carbon nanoparticles poten-
tially useful in membrane extraction processes. The limitations
of conventional polymeric membranes used for water purifica-
tion'® and gas separation” lie in their low selectivity, perme-
ability, susceptibility to the obstruction or fouling (what results
in a reduced diffusion flux) as well as low chemical and thermal
resistance. The use of CNT-based membranes has considerably
increased in these application fields and offers possibilities to
improve the extraction efficiency by adding new channels to
mass transfer. These membranes consist of CNTs embedded in
a polymer matrix, so that the selectivity and permeability of

spectrometry,™’

“Depariment of Analytical Chemistry, Marie Curie Building (Annex), Campus de

analytes are improved in comparison to those for non-modified
membranes.'® These membranes have been fabricated using
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different polymeric matrices such as polyethersulfone (PES),"
poly(bisphenol A-co-4-nitrophthalic anhydride-co-1,3-phenyl-
enediamine) (PBNPI),* polysulfone (PSF)* or polyamide.” This
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Abstract Microextraction by packed sorbents (MEPS)
combined with Surface-enhanced Raman spectroscopy
(SERS) was investigated, and applied to the determination
of musk ketone (MK) in river water samples. The full
MEPS-SERS method includes analyte enrichment by
MEPS preconcentration with C,g3 sorbent followed by
SERS detection supported by silver nanoparticles. An eluent
drop containing the analyte is deposited directly from the
MEPS syringe on a CaF, glass plate. When the drop has
dried, a specific volume of silver nanoparticles solution is
added on it before each SERS measurement. Several exper-
imental variables were studied in depth; under the optimum
experimental conditions MK can be extracted from a 500 pL
sample with recoveries in the range 47-63 %. The limit of
detection was 0.02 mg L' and the relative standard devia-
tion 15.2 % (n=4). Although not investigated in this work,
the proposed method might be suitable for in-situ monitor-
ing, because of the portability of the Raman spectrometer
used.

Keywords Microextraction by packed sorbents (MEPS) -
Surface-enhanced Raman spectroscopy (SERS) -
Musk ketone (MK) - Silver nanoparticles - River water

Introduction

Currently, there is an increasing attention on musks com-
pounds because they are common additives in numerous

E. Caballero-Diaz - B. M. Simonet - M. Valcarcel (6=)
Department of Analytical Chemistry, Marie Curie Building
(Annex), Campus de Rabanales, University of Cérdoba,
14071 Cérdoba, Spain

e-mail: galmeobj@uco.es

consumer products, for example detergents, cosmetics, and
other personal care products [1]. Because of their widespread
use, musk products have become ubiquitous emerging con-
taminants that can be found in different environmental ma-
trices near wastewater discharge urban areas [1]. Synthetic
musks can be classified into three families: polycyclic
musks, nitromusks, and macrocyclic musks, being the first
of them the most commonly used. The nitromusk family
includes five compounds: musk ambrette, musk moskene,
musk tibetene, musk xylene (MX), and musk ketone (MK);
although only the last two are permitted [2]. Permitted max-
imum concentrations (w/v, %) for MX and MK are, respec-
tively, 1.0 % and 1.4 % in fine fragrances, 0.4 % and 0.5 % in
eau de toilette, and 0.03 % and 0.04 % in other products [3,
4].

The effect of musk compounds on biota and ecosystems
has become an emerging research area. Polycyclic musks and
nitromusks are lipophilic in nature; this results in slow bio-
degradation and a tendency to bioaccumulate in different
environmental compartments, for example sediments [5, 6],
sludge [7, 8], and biota [9, 10]. Although MK is suspected of
increasing the carcinogenic effects of other substances, few
related toxicological studies have been conducted. Comutagenic
effects between benzo[alpyrene and MK have been described in
human derived hepatoma cell lines, because MK amplifies the
genotoxicity of that carginogen [11]. Furthermore, recent in-
vitro studies have confirmed that some polycyclic musks bind
weakly to estrogen, androgen, or progestin receptors, and
thus have endocrine-disrupting properties [12].

Determination of musk compounds in environmental
samples has already been performed by different analytical
techniques. A preconcentration step is usually required be-
cause of the low concentrations at which these compounds
are found. Solid-phase microextraction (SPME) is a solvent-
less preconcentration technique that consists of extracting

@ Springer
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The Toxicity of Silver Nanoparticles Depends on Their
Uptake by Cells and Thus on Their Surface Chemistry

Encarnacion Caballero-Diaz, Christian Pfeiffer, Lena Kastl, Pilar Rivera-Gil,
Bartolome Simonet, Miguel Valcdrcel, Javier iménez-Lamana, Francisco Laborda,

and Wolfgang |. Parak*

A set of three types of silver nanoparticles (Ag NPs) are prepared,

which have the same Ag cores, but different surface chemistry. Ag cores

are stabilized with mercaptoundecanoic acid (MUA) or with a polymer shell
[poly(isobutylene-alt-maleic anhydride) (PMA)]. In order to reduce cellular up-
take, the polymer-coated Ag NPs are additionally modified with polyethylene
glycol (PEG). Corrosion (oxidation) of the NPs is quantified and their colloidal
stability is investigated. MUA-coated NPs have a much lower colloidal stabil-
ity than PMA-coated NPs and are largely agglomerated. All Ag NPs corrode
faster in an acidic environment and thus more Ag(l) ions are released inside
endosomal/lysosomal compartments. PMA coating does not reduce leaching
of Ag(l) ions compared with MUA coating. PEGylation reduces NP cellular
uptake and also the toxicity. PMA-coated NPs have reduced toxicity compared
with MUA-coated NPs. All studied Ag NPs were less toxic than free Ag(l)
ions. All in all, the cytotoxicity of Ag NPs is correlated on their uptake by cells

and agglomeration behavior.

1. Introduction

Silver nanoparticles {Ag NPs) are frequently used in industry,
mainly because of their antimicrobial properties,I'l with appli-
cations in an increasing number of medical and consumer
products. However, their antibacterial features and extremely
small size, which makes them to have a high surface area and
to be more reactive, also suggest a toxicological risk when these
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NPs come into contact with biological
systems.l? Countless toxicological studies
involving Ag NPs have already been car-
ried out in different organisms ranging
from bacteria to humans.*5! Although it
is generally known that corrosion (oxida-
tion) and subsequent release of Ag(l) ions
is a major source of toxicity57] there is
still a lack of detailed general knowledge
concerning the origin of the Ag NPs tox-
icity. Most important shortcomings are
that individual studies are often based on
different NPs, and also on different types
of cells, which complicate the comparison
and extrapolation of results. In some
studies, the final toxicity resulted to be
an unclear combination of effects among
the Ag NPs and their released Ag(l) ions,
whereas in other works the Ag(l) ions
showed a greater (or even the only) con-
tribution to the toxicity than the Ag NPs
per sel*7 Several studies describe the release of Ag(l) ions
upon NP oxidation and subsequent partial dissolution of the
Ag NPs over time as amplification of the toxicity of the (undis-
solved) Ag NPs, which can cause intracellular reactions, as, for
example, in the mitochondria.’l Other studies even claim that
the only effect originates from Ag ions, which acts on the cell
membrane, whereas under the same conditions Ag NPs had
no effect”l Studies indicate that toxicity depends on size,1
shape ' charge, ™ and colloidal stability'® of the Ag NPs.
Although correlation of the physicochemical properties of
NPs to their interaction with cells is attempted by a large-body
research studies, a comprehensive picture is still missing (not
only for Ag NPs but in general) albeit many effects are well
established. This is partly due to the fact that not all physico-
chemical properties are easy to be determined experimentally,
and most of them are entangled (e.g., loss in colloidal stability/
reduced dispersion also increases the effective hydrodynamic
diameter of the NPs).["®l The interaction of NPs with cells is
not only governed directly but also it is strongly influenced by
interplay with the medium. Salt can reduce colloidal stability,
and the NP surface will be covered with a corona of proteins,
which provides signature to the NP surface™ This interac-
tion is not static, but rather dynamic and may change with
time.'l Although this already gives a complex scenario for
the NP-medium interaction, modern techniques such as fluo-
rescence correlation spectroscopy (FCS) allow for detailed

wileyonlinelibrary.com
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Abstract The concept of social responsibility pro-
vides the ideal framework for raising awareness and
arousing reflection on the social and environmental
impact of nanoparticles in the range of 1-100 nm
generated from research activities in nanoscience and
production-related activities in nanotechnology. The
model proposed here relates the essential aspects of
these concepts by connecting the classical sequence
Research—-Development—Innovation (R&Dé&I) to nano-
science and nanotechnology (N&N) and social respon-
sibility (SR). This paper identifies the stakeholders of
the process and provides an extensive definition of
Social Responsibility and related concepts. In addition,
it describes the internal and external connotations of the
implementation of SR at research centers and nano-
technological industries, and discusses the social
implications of nanoscience and nanotechnology with
provision for subjects such as nanoethics, nanotoxicity,
and nanomedicine, which have emerged from the
widespread use of nanomaterials by today’s society.

Keywords Nanoscience and nanotechnology -
Social responsibility - Corporate social responsibility -
Stakeholders - Integral model - Social and
environmental impacts

E. Caballero-Diaz - B. M. Simonet - M. Valcarcel (=)
Department of Analytical Chemnistry, University of
Cordoba, Campus de Rabanales, 14071 Cordoba, Spain
e-mail: galvacam@uco.es

Abbreviations
AENOR  Spanish association for standardization
and certification

CSR Corporate social responsibility

CSP Corporate social performance

FECYT  Spanish foundation for science and
technology

ILO International labour organization

IsO International organization for standardization

IUPAC  International union of pure and applied
chemistry

N&N Nanoscience & nanotechnology

OECD Organization for economic cooperation
and development

R&D Research & development

R&D&I  Research & development & innovation
SR Social responsibility
UN United Nations

Introduction

Nanotechnology has been deemed as a key emerging
technology for fulfilling the “Grand Challenges of
our Time” in areas such as health care, energy
production, environmental protection (climate change
and remediation), and potable water procurement
(Lund Declaration 2009).

Like other highly promising technologies such as
nuclear engineering and biotechnology, nanotechnology
possesses two contradictory connotations, namely: the
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Abstract

Sensing and imaging with fluorescent, plasmonic, and magnetic colloidal
nano- and microparticles have improved during the past decade. In this
review, we describe the concepts and applications of how these techniques
can be used in the multplexed mode, that is, sensing of several analytes in
parallel or imaging of several labels in parallel.
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ANEXO B. Comunicaciones en congresos

III Workshop de Nanociencia y Nanotecnologia (Oviedo, 2009).

= Comunicacion oral y pdster titulados “Nanodiamantes para la
purificacién y preconcentracién de analitos”.

E. Caballero-Diaz, B.M. Simonet, M. Valcarcel.

I Congreso Cientifico de Investigadores en Formacion (Cérdoba, 2009).

= Comunicacién oral titulada “Nanoparticulas como objetos y
herramientas analiticas en la monitorizacion ambiental”.

E. Caballero-Diaz, B.M. Simonet, M. Valcarcel.

XII Reunién del Grupo Regional Andaluz de la Sociedad Espaiiola de

Quimica Analitica, GRASEQA (Cérdoba, 2010).

= Poster titulado “Empleo de nanoparticulas de carbono para la
preconcentracion de medios micelares”.

E. Caballero-Diaz, B.M. Simonet, M. Valcarcel.

IV Workshop de Nanociencia y Nanotecnologia (Zaragoza, 2010).

= Péster titulado “Nanodiamantes: Propiedades y Aplicaciones”.

E. Caballero-Diaz, B.M. Simonet, M. Valcarcel.

= Comunicacion oral flash y poéster titulados “Empleo de nanoparticulas
de carbono para la preconcentracién de medios micelares”.

E. Caballero-Diaz, B.M. Simonet, M. Valcarcel.
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III Encuentro NANOUCO sobre Nanociencia y Nanotecnologia de

Investigadores y Tecndlogos Andaluces (Cérdoba, 2011).

= Poster titulado “Estudio de la capacidad de nanoparticulas de carbono
para la preconcentracion de micelas aniénicas y neutras”.

E. Caballero-Diaz, B.M. Simonet, M. Valcarcel.

= Poster titulado “Extraccion de atrazina en muestras medioambientales
mediante films de nanoparticulas de carbono situados en interfases
liquido-liquido”.

E. Caballero-Diaz, B.M. Simonet, M. Valcarcel.

International Conference NaNaX5 (Nanoscience with Nanocrystals)

(Fuengirola, 2012).

XXIII

= Péster titulado “Nanotoxicity studies of four synthesized silver
nanoparticles complexes for future biological applications”.

E. Caballero-Diaz, C. Pfeiffer, L. Kastl, P. Rivera-Gil, B.M. Simonet, M.

Valcarcel, W.]. Parak.

Reunion Nacional de Espectroscopia. VII Congreso Ibérico de

Espectroscopia (Cérdoba, 2012).

422

= Péster titulado “Nanotoxicity studies of silver nanoparticles with
different superficial coatings for future biological applications”.

E. Caballero-Diaz, C. Pfeiffer, L. Kastl, B.M. Simonet, M. Valcarcel, P. Rivera,

W.]. Parak.
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IV Encuentro NANOUCO sobre Nanociencia y Nanotecnologia de

Investigadores y Tecndlogos Andaluces (Cérdoba, 2013).

= Poster titulado “A synergistic combination of MEPS-preconcentration
and Surface Enhanced Raman Spectroscopy for the determination of
musk ketone in river water”.

E. Caballero-Diaz, B.M. Simonet, M. Valcarcel.

VI Workshop de Nanociencia y Nanotecnologia (Alcala de Henares, 2013).

= Comunicaciéon oral flash y poster titulados “The toxicity of silver
nanoparticles depends on their uptake by cells and thus on their surface

chemistry”.

E. Caballero-Diaz, C. Pfeiffer, L. Kastl, P. Rivera-Gil, B. Simonet, M.

Valcarcel, . Jiménez-Lamana, F. Laborda, W.]. Parak.
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Evaluar la capacidad de diferentes nanoparticulas de carbono para simplificar el
proceso de extraccion con medios micelares, reduciendo el tiempo de extraccion,
y evitando el calentamiento del sistema o la adicion de sal.

| SECCION EXPERIMENTAL
| Dos e e

Filtracion
nanoparticulas de
carbono dispersas en
en DMF

Nanoparticulas

e e [ a0 ]S oo |

Grado de hibridacion sp¥/sp*

sp?

MWCNTs SWCNTs Fullerenos
Longitud 7+/-2um 515 jum R
Dismetro 140 +/- 30 nm 1-2nm 79A
CNTs de pared CNTs de pared Estructura Obtenidos por proceso de
Caracteristicas multiple. simple. poliédrica de elevada detonacion.
Pureza 90 %. Pureza >77% estabilidad. Pureza del 98-99%
Pureza del 99 %.
RESULTADOS Y DISCUSION *El procedimiento experimental 1 resulté mis adecuado para la
—_— - — - preconcentracion de analitos que el 2 por favorecer una mayor interaccion
cizrbitieod PVt e entre micelas y nanoparticulas de carbono, siendo finalmente seleccionado

para el estudio del comportamiento de preconcentracion de diferentes
nanoparticulas de carbono.

+El procedimiento analitico desarrollado presenta una menor duracion,
complejidad y coste en comparacién con otros procesos de extraccién con

I

medios micelares obteniéndose una reproducibilidad similar .

Intemsbdad de faoresceacis
Inteasidad de Maoreseench

NIITNNNENE

+Los MWCNTs mostraron mejor preconcentracion que el resto de
nanoparticulas estudiadas para los dos tensioactivos empleados.

‘ Capacides exiractus o difereatesNEs ‘ *Se ha podido demostrar como los SWCNTs presentan una interaccion

SWCNTs < €60 < ND <(QMWCNTs ) [ SWCNTs < C60 < ND <(MWCNTs ) "_:::::‘:ﬂ':’:?_"’ "‘:‘;:":‘::.‘:;:_:::: “”"‘;m:“m

triton X-100.

Tio de NP ) Tipo de NP
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Empleo de nanoparticulas de carbono para la preconcentracion de
medios micelares
E. Caballero-Diaz, B.M. Simonet, M. Valcircel

Departamento de Quimica Analitics, Universidad de Cérdoba. Edificio Anexo C3, Campus de Rabanales, 14071 Cdrdoba.
E-mail: galmeobj@uco.es

Evaluar la capacidad de diferentes nanoparticulas de carbomo para simplificar el proceso de extraccion con medios micelares,

reduciendo el tiempo de extraccion, y evitando el cal del o la adicion de sal para la obtencion de pseudof:

Adicion de

tensioactivo
nanoparticulas de
carbono

Filtracion
nanoparticulas de
carbono dispersas en
en DMF

Nanoparticulas estudiadas Analitos modelo

crme rvns — R - - - T - - -, D o~ -
P = Sy A o
Grado de hibri ion sj ’l 3 | N
g 5 A Z &
pireng fucrantano
MWONTs SWONTs ~ r 5
Fullerenos Nanodiamantes Tensioactivos evaluados
Longitud 74-2nm S pm 4-6nm
sDs
Didmetro 140 +/- 30 nm 1-2um 794
CNTsdepared | CNTs de pared Estructura Obtenidos por proceso de
Caracteristicas miiltiple. simple. poliédrica de elevada detonacién. Triton X-100
Pureza =90 %. Pureza >77% estabilidad. Pureza del 98-99%
Pureza del 99 %.
- RESULTADOSY DISCUSION o e T e e e T
ion de analitos que el 2 por favorecer una mayor interaccion
Pireno con SDS Fluorantrens con tritén X-100 entre micelas y nanoparticulas de carbono, siendo finalmente seleccionado
| - [para el estudio del comportami de ion de di
g ot e nanoparticulas de carbono.
[l ¥ o
i: : +El p analitico presenta una menor duracion,)
i é”’" d y coste en ion con otros procesos de extraccién con
iz - dios micel bteniéndose una ducibilidad similar .
- - +Los MWCNTs mejor p ion que el resto de
Tigo de NP Tipode NP 1; diadas para los dos ioacti leads
‘ Capacidad extractiva de diferentes NPs ‘ * Se ha podido demostrar como los SWCNTs presentan una interaccion
Py P - - - elevada con las micelas de tensioactivo en el caso de sodio dodecilsulfato,
SWONTs < €60 < ND  MWCNTs) [ SWONTs < €60 < ND < MWCNTS (SDS) Py Gm o
caso del triton X-100.
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W

Los nanodiamantes (NDs) son formas alotropicas del carbono con hibridacién sp3 que se
reducidas a escala nanométrica, es decir, se trata de materia particulada que como minimo posee una

dimensién menor de 100 nm.

METODOS DE S{NTESIS

Transformacién de grafito a La fuente de carbono es el 1. Deposicién de vapor quimico (CVD).
diamante en condiciones de alta propio explosivo. La 2. Molienda de microdiamantes.
presién y temperatura, combustién es incompleta
generadas en una explosion. debido a la falta de oxigeno y se

generan impurezas.

Es necesario un procedimiento de
i ion. ..

1. Tratamiento mecinico.

2. Tratamiento con acidos.

3. Tratamiento térmico en presencia de
argén.

PROPIEDADES
En funcién del método de sintesis . . .

Elevada dureza, alia conductividad térmica, amplia ia dptica, fotoestable, estabilidad
quimica, de funci bi ia intrinseca
caracteristica superior a algunos fluorforos convencionales, y elevada capacidad de adsorcién
asaciada a su gran drea superficial especifica (300-400 m?g).

4 FUNCIONALIZACION (cambia las pm;pled.ades de las nanoparticulas)

emze NDs hid boxilade orgénicos mad.ume

f i 1

i ¥ radicales. Unién de grupos
grupos sup silano, fabricacion de f unién de cloruros e icidos carboxilices, unién de alcoholes de largas

= NO COVALENTE Enlaces de H y otras interacciones polares entre NDs oxidados/carboxilados y moléculas orginicas como proteinas. /<”

o) — &)

Las biomoléculas ancladas en
Ia superficie conservan su
actividad )

\ + ADSORCION Adsorcién fisica de biomoléculas como lisoenzimas.

APLICACIONES  Los nanodi fencionatizados supertcalmence s pucden enplearpers [ \

« Capturay p i6n de péptidos y pi elevada afinidad por estas moléculas).
Aplicable a p purificacion de la ‘previos al andlisis.
* Mejora de la selectividad y sensibilidad en ¢l andlisis de ADN y péptid i ilados (unién especifi i ifica con protein. scid, lei

* Soportes para la digestién proteolitica de proteinas ancladas sobre la superficie. Soportes para la sintesis de aminoacidos y oligopéptidos sobre la superficie.

- idn de b icos p licos mediante la técnica de extraceién punto de nube.
.C ”
Desarrollo de sensores dpticos,
- Vehieulo para liberacién de drogas, genes y anti en el organis L ientos de cneer. « Pulido de superficie.

- Soporte de moléeulas bioacti con. lul &’.}—»w‘:"\rﬁ%‘f mmyﬁ;‘;wdnﬁds)anmﬁmn

mmﬂamupunmmu,eﬂmmm “*Nanobiosensores™

de electrodos.

* Sorbente para la eliminacién de toxinas en el 5 icante en sceices de

RETOS TOXICIDAD
+ Produccién de muestras homogéneas de NDs con una estrecha distribucién de tamaiio.

Derivada de las impurezas
. izacién de NDs i medios fisiclégi Derivada de su potencialmente téxicas que
Control de la agl: i6n d. ‘muestras. reducido tamaiio prfsenxan como consecuencia del
Mejoras en la funcionalizacitn superficial de los NDs. Funcionalizacién 1:1 método de sintesis.

Los estudios realizados hasta el momento concluyen
P borao que no son citotéxicos y no presentan efectos
adversos sobre los seres vivos.

+ Estudios de biocompaibilidad.
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Extraccidn de atrazina en muestras medioambientales mediante films
de nanoparticulas de carbono situados en interfases liquido-liquido

E. Caballero-Diaz, B.M. Simonet, M. Valcarcel
Departamento de Quimica Analitica, Universidad de Cérdoba. Edificio Anexo €3, Campus de Rabanales, 14071 Cérdoba.

E-mail: es
ANTECEDENTES OBJETIVOS
*la atrazina 6 [2-Cloro-d-etilamino-6-isopropilamino-1,3,5-triazina ] es una herbicida ampliamente usado en la agricultura que se oEstudiar la extraccién de atrazina a través de un
encuentra a niveles traza contaminando el medio ambiente. Su requiere un de de muestra

film de nanoparticulas de carbono (CNPs)
formado en la interfase liquido-liquido. En este
* Las nanoparticulas de carbono han despertado un reciente interés en procesos de tratamiento de muestras debido a sus excelentes trabajo se presentan los resultados del anilisis
propiedades, lo que les hace ser excelentes transportadores y buenos sorbentes. A SN T

debido a su baja concentracion en muestras ambientales.

*Han sido descritos sistemas de membranas modificadas con nanotubos de carbono (CNTs) que ofrecen ventajas respecto a la técnica
convencional de microextraccién liquido-liquido, ya que los CNTs aumentan el flujo de analito de la fase donadora a la fase aceptora por un *Co la ivi de i
incremento en el drea superficial efectiva, y actiian como canales de transporte adicionales de analito de una fase a otra. nanoparticulas de carbono para formar el film y

extraer atrazina de muestras reales.

* También se ha descrito que los CNTs pueden formar un film entre dos fases inmiscibles en la extraccién liquido-liquido de proteinas.

Analito: atrazina Adicién de Smg de CNPs m La inclusion de nanoparticulas de carbono en una
. previamente homogeneizados interfase entre la fase acuosa (donadora) y la fase
j\ <on ImL etilacetato orgénica (aceptora) cambia el mecanismo de transporte

N 7 de atrazina de una fase a otra:

P &

1. Canales adicionales de transporte de soluto.

‘“

2. Medio de adsorcién de soluto para su después
desorcién en la fase aceptora.

r\ . Combinacion de extraccion en fase sélida y en fase
liquida.

Mayor permeabilidad y mayor coeficiente de particién

20 mL muestra de Adicién NPs

agua de rio

IS

Adieién
stilacetato

Reconstitucién en 100 ul de.
2:8 etanol:agua y medicién

. -~
7. EN MUESTRAS DE AGUA DE R0 a. " agiacion manual e
Reconstitucion Agitacién e
P ¥ medida CE incubacién —
- x 20 minutos incubacién
o L} Ny
— Adicién 1 mL etilacetato y 2 mg CNPs
Separacién fases: Agitacion manual

Evaporacién hasta
sequedad en vial

PROCEDIMIENTO EXPERIMENTAL

—
' de soluto.

v 4 PROCEDIMIENTO EXPERIMENTAL
EN SUELO

200 mg suelo + 3 mL disolucién acuosa de atrazina

Extraccion fase 15 minutos
superior y

centrifugacion 60 minutos incubacion £ 12 extraccién

Adicién 1 mt etilacetato L

Separacién fase organica y 1520 minutos incubacign B 22 extraccién
centrifugacin a 4000 rpm l

durante 2 minutos

R g

L

Evaporacion hasta sequedad

Raconstitucin y medicién

RESULTADOS Y DISCUSION

Recta calibrado musstras agua de rio

7.72% 897% | maswn

Estudio de variables para la optimizacion del procedimiento en agua de rio

Evaluacién del tipo de nanoparticula para formar el film

Andlisis de muestras fortificadas de suel
contenia el analito previamente

el cual no

Efecto del tipo de NP

Rocupracion on suslo
o @
e I st |
l | g et s
y I L | [r——
1o pures os

wwonTe  swenTs

e depieo

s

1ou
Ieronmieos oleotaicos

*Aplicacién futura en muestras r

CONCLUSIONES:

La extraccién con film de nanoparticulas favorece una mayor extraccion de atrazina de la matriz o fase

Elacto concentracion CNPs

Estudio influenc relacién

donadora, en comparacion con el estudio realizado sin nanoparticulas. Este aumento de extraccion se ha
relacionado con el aporte de transportes adicionales que ofrecen los CNTs y que facilitan el paso de analito de
una fase a otra.

emwieods |+ Con MWCNTs obtuvimos mejores resultados de extraccién de atrazina en comparacién con el resto de CNPs
estudiadas. Los nanodiamantes presentaron menor capacidad de extraccién de atrazina respecto a los
nanotubos de carbono de pared multiple (MWCNTs) y simple (SWCNTs) pese a tener una mayor area superficial
especifica.
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Estudio de la capacidad de nanoparticulas de carbono para la preconcentracion

de micelas anidnicas y neutras

E. Caballero-Diaz, B.M. Simonet, M. Valcércel
Departamento de Quimica Analitica, Universidad de Cérdoba. Edificio Anexo €3, Campus de Rabanales, 14071 Cérdoba.

E-mail: qalmeobj@uco.es
OBIJETIVO "
Evaluar la capacidad de diferentes nanoparticulas de carbono (CNPs) para simplificar el proceso de extraccién con medios
micelares, reduciendo el tiempo de extraccion, y do el cal del si o la adicién de sal para la obtencién
de pseudofases. Esta simplificacion es derivada de la elevad idad de las ticulas de quimi ber p

SECCION

EXPERIMENTAL
PROCEDIMIENTOS

EXPERIMENTALES
PROPUESTOS

TENSIOACTIVOS Y
ANALITOS

RESULTADOS Y
DISCUSION

432

NANOPARTICULAS,

sobre su superficie.

LAVADO Y ELUCION CON
Milastia aciiosa de PAN FILTRACION SECADO CON AIRE ACETONITRILO,
Nanoparticulas de carbono ‘ \
Tensioactivo
MEDIDA
FLUORIMETRICA
@ LAVADO DE FILTRO CON LAVADOY ~
>
Dispersion de cNPs en FUTRAGON o FILTRACION MeOHy GO & SECADO CON AIRE
dimetilformamida
FILTRACION MUESTRA ELUCION CON
ACUOSA DE PAH POR FILTRO ACETONITRILO

MODIFICADO

Obtencién de filtro de nylon
con CNPs en los poros del filtro

Nanoparticulas estudiadas

. otubos d [ i
Gratta pr— olamrte
MWCNTs SWCNTs Fullerenos Nanodiamantes
Longitud 74/-2pm 515 pm 46nm Analitos estudiados
PIRENO
Dismetro 140 +/-30 nm 12nm 79A HUORANIRENG
Tensioactivos estudiados
Caracteristicas ChTedepared (CNTsdapared Obtenidos por proceso de =05
muiltiple. simple. dotonactin
Pureza>90%.  Pureza>77% Pureic daloa00%: TRITON X-100
Pireno con SDS Fluorantreno con tritén X-100
o000
£ soooee
H CAPACIDAD EXTRACTIVA DE DIFERENTES NANOPARTICULAS
[rrw— § wo0ee @ranodiomantes| —
s 3 s0co BT SWCNTs<C60<nanodiamanteskMWCNTS |
£ 100000 e
Mejores resultados
T & Tipode NP

*El procedimiento experimental 1 resulté més adecuado para la preconcentracién de analitos que el 2 por favorecer una mayor interaccién entre micelas y
nanoparticulas de carbono, siendo finalmente seleccionado para el estudio del comportamiento de preconcentracién de diferentes nanoparticulas de carbono.

« €l procedimiento analitico propuesto presenta una menor duracién, complejidad y coste en comparacién con otros procesos de extraccién con medios micelares
obteniéndose una reproducibilidad similar .

* Los MWCNTs mostraron mejor preconcentracién que el resto de para los dos

+ Se ha podido demostrar como los SWCNTs presentan una interaccién elevada con las micelas de tensioactivo en el caso de sodio dodecilsulfato (SDS) mientras que

esa interaccién es practicamente inexistente para el caso del tritén X-100.
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Nanotoxicity studies of four synthesized silver
nanoparticles complexes for future biological applications

E.Caballero-Diaz*?, Christian Pfeiffer®, Lena Kastl®, Pilar Rivera Gil’, Wolfgang J. Parak™ Bartolome M. Simonet®, Miguel Valcarcel*

UNIVERSIDAD B CORDOBA “Department of Analytical Chemistry, Campus de Rabanales, University of Cordoba, 14071 Cordoba, Spain
H

F ich Physik, Philipps Universitit Marbirg, 35037 Marburg, Germany

INTRODUCTI

Due to their antimicrobial properties the silver nanoparticles (AgNPs) are the most widely used nanoparticles in cosmetics and as bactericides in fabrics and other
consumer products. For their wide field of application, these nanoparticles require clear and full elucidations of their potential toxicity. Until now. numerous toxicity
studies focusing on AgNP have been carried out on cell lines including mouse fibroblast. rat liver, human hepatocellular carcinoma and human skin carcinoma cells. All
of these studies show that both concentration and surface coatings nature are key factors to determine the foxicity of these metallic nanoparticles {21,

OBJECTIVE NIH/3T3 cells

Study the cytotoxicity of four different silver nanoparticles complexes incubated with NIH/3T3 cells for 24 hours.
All the complexes were prepared from a same silver core that was modified with different superficial coatings in order
to increase the stability of nanoparticles in solution and to prevent the release of harmful potentially silver ions.

EXPERIMENTAL SECTION

All of the silver nanoparticles were covered firstly with an amphiphilic polymer [poly(maleic anhydride)+allylamine] to make
them soluble in aqueous solution. Afterwards. they were modified with an additional superficial agent: MOLECULAR ASSEMBLY

- p \ e
i I H
11-mercaptoundecanoic acid | | Paly (ethylene glycol) (PEG-amine) (10KDa) E i 1
e e ANP with H
h ‘ - ok 1
(0] 1 polymer .
HSCH(CH,,CH,” ~ OH CH,0 (CH,CH,0)n(CH,),NH, ! ;
! i
Finally, four silver complexes were studied: 1 ;
I G .
1. AgNPs with amphiphilic polymer. . molecale |
2. AgNPs amphiphilic polymer and one superficial PEG molecule. ! 1
3. AgNPs with amphiphilic polymer and saturated with PEG. | I
4. AgNPs amphiphilic polymer and 11-mercaptoundecanoic acid. I AgNP with H
: W vl i
The study was completed comparing with the toxieity of silver ions (using AgNOj as a source) g e TEGa 1
)
Resazurin based cell viability assay:
Tlis nanotoxicological study 1s based in the reducing power of living cells to convert resazurin, a non-fluorescent dye CoTrmrmr T
and cell permeable compound, to resorufin which produces very bright fluorescent. In this way, we can evaluate ! lon auly in alive cell -
quantitatively the cell viability after 24 hours of inc with ing on the observed. R FLUORESCENT ®
. . [ o. - .
We incubated the NTH/3T3 cells in a 96-wells plate with the test subtances for 24 hours at different concentrations. After \O: UE e D‘C(O;Q‘:’.
24 h. the cells were washed with PBS and 100 uL of growth medium solution containing 10% resazurin were added and ! W N i
incubated for the next three hours. Finally, the fluorescence signal was colleeted at an excitation wavelength of 560 nm. 1 Rmi‘m — -
Lmimem e
RE LTS AND CONCLUSIONS
‘Stuar rancpamcies wih poymar amprge:
191 and sohuaied wih PEG
The LD 50 results showed differences in the cytotoxicity depending on the
superficial coating of silver nanoparticles since the different meolecular
assembly on a same silver core affects to both the stability of the nanoparticles
in solution and the internalization of the nanoparticles into the cells. The data
are showed in the table.
Silver nanoparticles complexes LD50 in g Ag™/L
| TN TR R R s
AgNPs with amphiphilic pelymer and saturated with PEG. 0,1081 ol foatAg ot
AgNPs with iphilic polywer and 11 ic acid. 0.1015 e b e e b e v Ecampleaf d Jor e e
AgNPs with amphiphilic polymer. 0.0307
T ‘While the silver nitrate showed the highest cytotoxicity, silver nanoparticles
AgNPs with amphiphilic polymer and one superficial PEG molecule, 0,0217 with amphiphilic polymer and saturated with PEG in surface showed the
- T lowest cytotoxicity what can attribute to a reduction of the release of silver
AgNOy | 0,0020 ions to the medium thanks to the protective coatings as well as a lower
e & internalization of the nanoparticles into the cells due to their larger size.
REFERENCES:
[1] L. Yikdirines, N K. Thanh, M.Loisido, A LSeifaki of clinicaly feles, Nano Today (2811} 6, pp. S55-637.
121 A7 Hub, ¥ Knvon, “N i paradig . s i Jowrnal of Controlled Release 156 (2011) pp. 125-145.
o o o
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@ ~~@== Nanotoxicity studies of siiver nanoparticles with different
R superficial coatings for future biological applications

E.Caballero®, C. Pfeiffer”, L Kastl, P.Rivera®, W. J. Parak® B. M. Simonet®, M. Valcarcel

POTNOVADAL - UCTHORSSD!

ESPEETHBSE“ PlA r “Department of Analytical Chemistry, Campus de Rabanales, University of Cordoba, 14071 Cordoba, Spain
Fachbereich Physik, Philipps Universitit Marburg, 35037 Marburg, Germany

INTRODUCTION

T .

Due to their the silver les (AgNPs) are the most widely used nanoparticles in cosmetics and as bactericides in fabrics and other consumer
products. For their wide field of application, these nanoparticles require clear and full elncidations of their potential toxicity. Until now, numerous toxicity studies focusing on AgNP
have been carried out on cell lines including mouse fibroblast. rat liver. human 1 and human skin i cells. All of these studies show that both
concentration and surface coatings nature are key factors to determine the toxicity of these metallic nanoparticles (121,

NIH/3T3 cells

OBJECTIVE
[

Study the cytotoxicity of four different silver nanoparticles complexes incubated with NIH/3T3 cells for 24 hours.
All the complexes were prepared from a same silver core that was modified with different superficial coatings in order to
increase the stabi of nanoparticles in solution and to prevent the release of harmful potentially silver ions.

EXPERIMENTAL SECTIO.
[ EE e e

All of the silver nanoparticles were covered firstly with an ilic polymer [poly ic anhydri ylamine] to make them
soluble in aqueous solution. Afterwards. they were modified with an additional superficial agent:
MOLECULAR ASSEMBLY

‘
{
!

]
Poly (ethylene glycol) (PEG-amine) (10KDa) |

AgNP with
amphiphitic
pobvmer

]

oy ADNP with
& amphiplilic

polymer +1PEG.
molecule

HSCH,(CH,),CH, X on CH,0 (CH,CH,0)n(CH,),NH,

Finally, four silver complexes were studied:

AgNPs with amphiphilic polymer.

AgNPs with amphiphilic polymer and one superficial PEG molecule.
AgNPs with amphiphilic polymer and saturated with PEG.

AgNPs with ilic polymer and 11 ic acid.

bt L

AP with
amphighilc pomer
The study was completed comparing with the toxicity of silver ions (using AgNO; as a source). marcmm

Resazurin based cell viability a
This nanotoxicological study is based in the reducing power of living cells to convert resazurin, a non-fluorescent dye and cell
permeable compound. to resorufin which produces very bright fluorescent. In this way. we can evaluate quantitatively the cell

i .

¥ 1

viability after 24 hours of i with g on the fl abserved. | ; :
; Novmronrscexr FLroREscET |

. . . . . o N 0. . 0. 0

We incubated the NIH/3T3 cells in a 96-wells plate with the test subtances for 24 hours at different concentrations. After 24 b, the i “(:(N):j‘p CLEY !
cells were washed with PBS and 100 L of growth medium solution containing 10% resazurin were added and incubated for the . 3 L 1
next three hours. Finally, the fluorescence signal was collected at an excitation wavelength of 560 nm. ! P Rt

bim o e imimimemimimomeme - -

RESULTS AND CONCLUSIONS
SR EE S

The LD 50 results showed di in the cytotoxicity ing on the vay S careoetces e s amhide
superficial coating of silver nanoparticles since the different molecular assembly on

a same silver core affects to both the stability of the nanoparticles in solution and the
internalization of the nanoparticles into the cells. The data are showed in the table.

= i
Silver nanoparticles complexes D50 in g Ag*/L j
w] —
AgNPs with amphiphilic polymer and saturated with PEG. 0,1081 w1 @1 ool e 1e4 s 1Ee 1ET B R S S W |
Pl wowaou
AgNPs with amphiphilic polymer and 11-mercaptoundecanoic acid. 0,1015
AgNPs with amphiphilic polymer. 0,0307 e e v
ABNPs with amphiphilic polymer and one superficial PEG molecule. 00217 While the silver nitrate showed the highest cytotoxicity, silver nanoparticles with
-~ - polymer and with PEG in surface showed the lowest
2 . 3 ity what can attribute to a reduction of the release of silver ions to the
medium thanks to the protective coatings as well as a lower internalization of the
nanoparticles into the cells due to their larger size.
ALSeiab » Nawe Todey (1011) 6 58560’
p 156 @011 pp. 125.145.

434



ANEXO C. Posters

Surface Enhanced Raman Spectroscopy for the determination
of musk ketone in river water

E Caballero-Diaz*, B.M.Simonet*, M.Valcarcel*
ADepartamento de Quimica Analiiica, Universidad de Cordoba, Edificio Anexe C3, Campus de Rabanales, 14071 Cordoba
Teléfono, 957 218616 E-mail. galmeobjiuco.cs.

UNIVERSIDAD B CORDOBA

synthetic musk compounds are frequently used as fragances in a wide range of pharmacenticals and personal care products. Their development was aimed at veplacing those extremely
expensive natural musks, but their wide variety of applications and liigh production have become thent in emerging contaniinants that ave nltimately veleased into the environment through
discharges of domestic wastewarer,

There are thyee different families of musks compounds. polyeyclic nusks, macrocyclic nrusks and nitro musks. Musk ketone is included in the last family and together with musk xylene are

the most widely used nitro musks although with some restrictions related to their still unclear toxic effects.

0Og_CHs
L ORECTIVE | we. L _en
The main objective of this work was fo defermine musk ketone in river water by a i i isting of o NO»
Microextraction by Packed Sorbents (MEPS) followed by Surface Enk d Raman Sy py (SERS) d HyC——CHy

4-tert-Butyl-2 6-dimetiyl-3,5-
dinitroacetophenone (Muusk ketone)

———
1

Preconcentration
withC18 MEPS

Addition of silver
nanoparticles

. SERS Detection

+ Conditioning of C18 MEFS syringe with methanol and milli-Q
water.

« Passing a spiked water samiple through the C18 MEFS cartridge

« Passing air in order o remove water fraces in the sorbent.

« Eluting the analyre with 10 uL of methanol thar are directly
deposited on a CaF, glass

Silver nanoparticles (AgNFs) were previously synthesized according to the following
procedure.

« Evaporating the drop of analyte and depositing 6 uL of silver
nanoparticles (AgNFs) solution above it

€€€CE€L

5mLof 85°10°'M hydrosylamine sofution’
004 mLof 2 M NaOH soltion
45mLof 1.1°10°°M AgNO, solution

« Evaporating to dryness and measuring Raman/SERS spectra.

—-——

Vigorous stirring
for 10 minles

Calibration Graph

Variables in SERS detection

— SERS sisnal
— Raman signal

«Analyte drop deposued on
AgN]
+AgNFs depcmed on

Deposition order of analyte

and AgNPs

AgNPs deposited on an
evaporated drop of analyte

analyte drop.

silver nanoparticles

N 2.6.20.40. 70 6
sclution volume (L)

152 25 3 35 4 45 5 55
\ ek o sz L

Variables in MEPS

1300

1800 2300 2800 These values are in

preconcentration
sample vol

sample pH

50, 200, 500, 1000
36,9

500
6

elution solvent

Methanol, acetonitrile

methanol

Raman shift (cm)

*Examples of Raran and SERS spectrs obiained at 1004l
concentration of misk ketoie.

10D 00Zmg L1
LOQ 0.05mg I
GRSD (n-4) 15%

acccondance with
others found in
literature®

In this work a MEPS-SERS method has been ped to in river water samples.

Musk ketone was selected as analyte due to its ubiquity in numerous pemml care products what becomes it in a

contaminant of growing interest.

The developed method resulted in a low detection limit and acceptable values of relative standard deviation taking into

account the values found in literature about nanoparticles moditied-substrates as SEIZS supports for the determination of
Other signi! are the icity of the a reduce analysis time and

the portable nature of the detection system.

* Prochazka, M Simakova, P3 Hajdukows-Smidovs, N. Coloids Surr, A Fhysicochem. Eng Aspects 2012 40% 24

435



ANEXOS. PRODUCCION CIENTIFICA

The toxicity of silver nanoparticles depends on their uptake by cells
and thus on their surface chemistry

E.Caballero-Diaz*?, Christian Pfeiffer, Lena Kastl®, Pilar Rivera Gil", Wolfgang J. Parak® Bartolome M. Simonet*, Miguel Valcarcel*

UNIVERSIDAD B CORDOBA “ Department of Analytical Chemistry, Campus de Rabanales, University of Cordoba, 14071 Cordoba, Spain

© Fachbereich Physik, Philipps Universitdt Marburg, 35037 Marburg, Germany

EXPERIMENTAL SECTION

Four different AgNPs were synthesized from a same silver core but with
different coating agents:

Colloidal properties

(sobutylene-ait-maleic.
anhydride) (PMA)

Oxidation rate

Uptake by cells

Cytotoxicity test
ol + PhIAS s Y

Dodecyith
one PEG molecule A

saturation with PEG

RESULTS AND DISCUSSION//CONCLUSIONS

CHARACTERIZATION OF
COLLOIDAL FEATURES
PR
the amount.
below the limit of

Zeta potential

g .

Differences in the Ag’ release only were observed for
e AgNPs.

The saturation of the nanoparticles surface with PEG

of AgNPs remained with a practically
constant d,. Therefore, Ag-PMA are
much more stable in solution than Ag-
MUA.
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the
release of Ag- is more prominent at acidic pH what could
be extrapolated to 3 greater ions release rate in
endo/lysosomal acidic

AG-PMA-S3PEG,
A greater degree of cell uptake was observed by those

wmmmamumw
Only qualitative. results were obtained by this study

[3] L. Vildirimer, N-T.. Thanh, M.Loizidou, A.M Seifalian,

[2) A3 Huh, Y Xwon,

s a key factor that determines the uptake of AgNPs by
313 cells.

than all AgNPs studied.

s85-607.

156 (2011) pp. 128-145.









