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Abstracts 

Abstract  

The wide scale use of metal oxide nanoparticles (NP) in the world consumer market has 

resulted in increase in likelihood of exposure to human beings. The potential toxic effects of 

these NP on mammal cells have been extensively studied. However, studies regarding 

neurotoxicity and specific effects on neuronal systems are very scarce. Therefore, the aim of this 

thesis was assessing the toxic potential of titanium dioxide NP (TiO2-NP), zinc oxide NP (ZnO-

NP) and silica-coated iron oxide NP (S-ION) on human SH-SY5Y neuronal cells, to elucidate 

the possible mechanism of their adverse effects at the cellular and molecular level on the 

nervous system. After NP characterization, a battery of assays was performed to evaluate the 

viability, cytotoxicity, genotoxicity and oxidative damage in NP-exposed SH-SY5Y cells. 

Obtained results showed that internalisation potential of each NP was different: TiO2-NP and 

ION were effectively internalized in a concentration- and time-dependent manner; nevertheless, 

ZnO-NP were unable to be internalized by cells. The NP potential to induce toxic effects was 

material-dependent: TiO2-NP did not reduce the viability; ION presented in general low 

cytotoxicity, whereas ZnO-NP affected the cells most at the cytotoxicity level. Similar to 

cytotoxicity, genotoxicity-inducing potential of metal oxide NP was found to be different for 

each NP. Furthermore, toxicity was found to be mediated by oxidative stress in ZnO-NP and S-

ION exposed cells, but TiO2-NP did not induce such oxidation-related changes. The results 

obtained in this work contributed to increase the knowledge on the genotoxic and cytotoxic 

potential of metal oxide NP in general, and specifically on human neuronal cells. 

Resumen 

El uso a gran escala de las nanopartículas (NP) de óxidos metálicos en el mercado de 

consumo mundial se ha extendido notablemente, dando lugar a un incremento en la probabilidad 

de exposición a las mismas en los seres humanos. Los potenciales efectos tóxicos de estas NP 

en las células de mamíferos han sido ampliamente estudiados. Sin embargo, los estudios sobre 

neurotoxicidad, y los efectos específicos en el tejido nervioso son muy escasos. Por tanto, el 

objetivo de esta tesis ha sido evaluar el potencial tóxico de NP de dióxido de titanio (TiO2), 

(óxido de zinc) ZnO y óxido de hierro recubiertas de sílice (S-ION) en células neuronales 

humanas SH-SY5Y, para dilucidar el posible mecanismo de sus efectos adversos a nivel celular 

y molecular sobre el tejido nervioso humano. Tras la caracterización de las NP, se realizó una 

batería de ensayos para evaluar la viabilidad, citotoxicidad, genotoxicidad y daño oxidativo en 

las células SH-SY5Y expuestas a las NP. Los resultados obtenidos mostraron que el potencial 

de internalización de cada NP es diferente; así las NP de TiO2 y las S-ION fueron eficazmente 

internalizadas, siendo esta captación dependiente de la concentración y del tiempo de 

exposición. Por otro lado, las NP de ZnO fueron incapaces de ser internalizadas por las células 

neuronales. El potencial de las NP analizadas para inducir efectos tóxicos fue dependiente del 

tipo de material. Las NP de TiO2 no redujeron la viabilidad y las S-ION presentaron en general 
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baja citotoxicidad, mientras que las NP de ZnO mostraron un alto nivel de citotoxicidad. Al 

igual que en el caso de la citotoxicidad, el potencial genotóxico inducido por las NP de óxidos 

metálicos resultó diferente para cada una de ellas. Además, la toxicidad encontrada en células 

expuestas a NP de ZnO y a S-ION estuvo mediada por estrés oxidativo; sin embargo, para las 

NP de TiO2 tales cambios no se relacionaron con la oxidación. Los resultados obtenidos en este 

trabajo contribuyen en general a incrementar el conocimiento sobre el potencial genotóxico y 

citotóxico de las NP de óxidos metálicos, específicamente sobre las células neuronales humanas. 

Resumo  

O uso a gran escala das nanopartículas de óxidos metálicos (NP) no mercado de consumo 

mundial estendeuse notablemente, dando lugar a un incremento na probabilidade de exposición 

ás mesmas nos seres humanos. Os potenciais efectos tóxicos destas NP nas células de 

mamíferos foron ampliamente estudados. Con todo, os estudos sobre neurotoxicidade, e os 

efectos específicos no tecido nervoso son moi escasos. Polo tanto, o obxectivo desta tese ten 

sido avaliar o potencial tóxico de NP de dióxido de titanio (TiO2), óxido de zinc (ZnO) e óxido 

de ferro recubertas de sílice (S-ION) en células neuronais humanas SH-SY5Y, para dilucidar o 

posible mecanismo dos seus efectos adversos a nivel celular e molecular, no tecido nervioso 

humano. Logo da caracterización das NP, realizouse unha batería de ensaios para avaliar a 

viabilidade, citotoxicidade, xenotoxicidade e dano oxidativo nas células SH-SY5Y expostas ás 

NP. Os resultados obtidos mostraron que o potencial de internalización de todos os NP é 

diferente; así as NP de TiO2 e as S-foron eficazmente internalizadas, sendo esta captación 

dependente da concentración e do tempo de exposición. Doutra banda, as NP de ZnO foron 

incapaces de ser internalizadas polas células neuronais. O potencial das NP analizadas para 

inducir efectos tóxicos foi dependente do tipo de material. As NP de TiO2 non reduciron a 

viabilidade, e as S-ION presentaron en xeral baixa citotoxicidade, mentres que as NP de ZnO 

mostraron un alto nivel de citotoxicidade. Do mesmo xeito que no caso da citotoxicidade, o 

potencial xenotóxico inducido polas NP de óxidos metálicos resultou diferente para cada unha 

de elas. Ademais, a toxicidade atopada en células expostas a NP-ZnO e a S-ION estivo mediada 

por estrés oxidativo; sen embargo, para as NP-TiO2 tales cambios non se realacionaron coa 

oxidación. Os resultados obtidos neste traballo contribúen en xeral, a aumentar o coñecemento 

sobre o potencial xenotóxico e citotóxico das NP de óxidos metálicos, específicamente sobre as 

células neuronais humanas. 

 

 



Extended Summary 

Extended Summary in Spanish-Resumen Amplio  

La nanotecnología se puede definir como la investigación científica y el desarrollo 

tecnológico que permiten entender, a nivel atómico y molecular, todos los fenómenos que 

ocurren a escala nanométrica, con el fin de utilizar este conocimiento para crear estructuras, 

materiales, dispositivos y sistemas de complejidad creciente que posean nuevas propiedades y 

realicen nuevas funciones debido al pequeño tamaño de sus componentes. La nanotecnología se 

está desarrollando en estos momentos a un ritmo frenético en un número creciente de 

laboratorios de entidades públicas y privadas de todo el mundo, y en los últimos años ha crecido 

considerablemente la producción y empleo de nuevos nanomateriales en la industria para muy 

diversas aplicaciones. 

Los nanomateriales son, por definición, materiales cuyo tamaño oscila, en alguna de sus 

tres dimensiones, entre 1 y 100nm, confiriéndoles este pequeño tamaño propiedades únicas y 

diferentes de las del mismo material a mayor escala, debido fundamentalmente a la mayor área 

superficial, lo que les proporciona una reactividad muy superior. A medida que el tamaño de 

partícula desciende, su área superficial se incrementa, lo que causa que una mayor proporción 

de átomos o moléculas se encuentren en la superficie y no en el interior del material. Este 

aumento del área superficial determina por tanto muy probablemente a un incremento en la 

actividad biológica. Según el número de dimensiones que tengan en la nanoescala, estos 

materiales se clasifican en nanosuperficies (solo una dimensión), nanohilos o nanotubos (dos 

dimensiones) y nanopartículas (NP) (las tres dimensiones), siendo estas últimas las más 

frecuentemente utilizadas. 

Los nanomateriales pueden ser orgánicos o inorgánicos, y su usos potenciales incluyen 

ahorro de energía para vehículos, desarrollo de energías renovables, disminución de la 

contaminación, filtración del agua, materiales de construcción, aplicaciones cosméticas 

(maquillajes, cremas de protección solar, etc.), textiles, electrónica, pinturas y tintas, entre otras. 

Asimismo, se han desarrollado aplicaciones biomédicas de las NP para liberación de 

medicamentos, terapias farmacológicas, prótesis, técnicas de imagen in vivo, diagnóstico in 

vitro e implantes activos. En concreto, en los últimos años se ha concentrado una gran atención 

en la utilización de NP para el tratamiento y diagnóstico de enfermedades neurológicas, tales 

como las enfermedades de Parkinson o Alzheimer, la esclerosis múltiple, neoplasias del sistema 

nervioso o enfermedades neurodegenerativas visuales. Actualmente hay más de 1.500 productos 

comercializados con usos muy diversos que contienen nanomateriales. 

Junto con el rápido crecimiento de la industria de la nanotecnología se produce la 

expansión de la cantidad y tipos de nanomateriales manufacturados, lo que da lugar a 

exposiciones ocupacionales potencialmente elevadas, y a exposición de la población general a 

través de la utilización de los productos que las contienen y de sus productos de desecho. Es por 
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ello que, desde la primera década de este siglo, existe una creciente preocupación por los 

potenciales efectos adversos para la salud humana de la exposición a nanomateriales.  

Numerosos autores muestran su acuerdo en que la progresiva presencia en el mercado de 

productos que contienen nanomateriales constituye un riesgo potencial emergente, 

principalmente debido a que los posibles efectos tóxicos de estos nanomateriales no han sido 

todavía caracterizados, y pueden diferir notablemente de los propios del material de que están 

compuestos cuando se encuentra en una escala mayor. La reducción en el tamaño proporciona 

una mayor biodisponibilidad, que se acompaña de un incremento en la capacidad de los 

nanomateriales para acceder a los sistemas biológicos. Además, las partículas y materiales en el 

rango nanométrico pueden causar daños debido a su elevada reactividad. Los organismos vivos 

están compuestos de células cuyo tamaño es habitualmente de 10-100µm. Sin embargo, los 

componentes celulares son mucho más pequeños, y las proteínas, el ADN y otras biomoléculas 

son incluso menores, encontrándose en un rango de tan solo 5-50nm. Esta sencilla comparación 

de tamaños da una idea de que los nanomateriales pueden resultar útiles para acceder a la 

maquinaria celular con objetivos diversos, pero también pueden interaccionar fácilmente con 

cualquier componente celular para causar efectos tóxicos. 

En general, el comportamiento de los nanomateriales se podría resumir de la siguiente 

manera: las partículas en el rango nanométrico pueden introducirse en el cuerpo humano a 

través de las vías inhalatoria, transdérmica, oral o parenteral. Entonces los nanomateriales 

entran en contacto inmediato con un conjunto de proteínas y células característico de ese 

ambiente, y tratan de disminuir su energía superficial adsorbiendo sobre su superficie 

biomoléculas circundantes incluyendo proteínas, lípidos, sacáridos y ácidos nucleicos. Los 

nanomateriales absorbidos pueden ser transportados a órganos diversos incluyendo cerebro, 

corazón, hígado, riñones, bazo, médula ósea y el sistema nervioso. Finalmente, pueden atravesar 

las membranas celulares y penetrar en el citoplasma de las células que forman el órgano y 

residir allí por un período incierto de tiempo, antes de afectar a otros órganos o ser excretados 

fuera del organismo. Desde el citoplasma pueden también penetrar en los compartimentos 

subcelulares, tales como el núcleo y las mitocondrias. Esto hace a las NP singularmente 

adecuadas para usos terapéuticos y de diagnóstico, pero también motiva que órganos diana, 

como el sistema nervioso central, sean vulnerables a los potenciales efectos adversos. 

Aunque la translocación de NP al cerebro es posible y ha sido ya estudiada bajo diferentes 

condiciones experimentales, la relevancia para la salud de estas situaciones todavía no está en 

absoluto clara. Por tanto, se hace necesaria la evaluación de los efectos tóxicos que las NP 

puedan ocasionar en las células neuronales, junto con una descripción detallada de sus posibles 

mecanismos de actuación. 

El objetivo general de esta tesis consistió en evaluar el potencial tóxico de una serie de 

NP de óxidos metálicos (concretamente de dióxido de titanio, óxido de zinc y óxido de hierro) 
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sobre células neuronales humanas (SH-SY5Y). Para ello se aplicó un conjunto completo de 

metodologías celulares y moleculares in vitro, a fin de caracterizar los potenciales efectos 

adversos de las NP evaluadas e identificar sus mecanismos de acción subyacentes. Así, esta 

Tesis se divide en tres capítulos principales, cada uno de ellos dedicado un tipo diferente de NP 

evaluada. 

Entre todos los nanomateriales manufacturados, las NP de dióxido de titanio (NP-TiO2) 

son los que se produjeron industrialmente de forma más temprana y, de acuerdo con la National 

Nanotechnology Initiative de Estados Unidos, son los de mayor fabricación actualmente en el 

mundo. En la vida diaria estas NP se pueden encontrar en casi todas partes: en pinturas, 

revestimientos, plásticos, papeles, tintas, medicamentos, productos farmacéuticos, cosméticos y 

productos de higiene personal. Incluso se han utilizado como pigmento para blanquear la leche 

desnatada, y se han aprobado como aditivo alimentario colorante y para ser utilizados en 

envases alimentarios por la Food and Drug Administration de Estados Unidos (FDA). 

El rápido incremento en el número de productos de uso cotidiano que contienen NP-TiO2 

en se acompaña de una creciente preocupación acerca de su seguridad para las personas y el 

medio ambiente. Está bien documentado el hecho de que las NP-TiO2 pueden acceder al sistema 

nervioso, bien cruzando la barrera hematoencefálica o bien mediante transporte axonal directo a 

través del nervio olfatorio. Sin embargo, son todavía escasos los estudios sobre la potencial 

neurotoxicidad y efectos sobre el sistema nervioso de estas NP, y están esencialmente limitados 

a células u organismos animales. 

Así, en el capítulo 3 de esta Tesis se investigó si las NP-TiO2 podrían causar efectos 

adversos en las células neuronales, elucidando los posibles mecanismos moleculares. Además, 

mediante la comparación de dos tipos de NP-TiO2 con dos estructuras cristalinas diferentes 

(anatasa pura y anatasa:rutilo 80:20), exploramos la posible influencia de esta característica 

sobre su interacción con las células neuronales bajo diversas condiciones in vitro. 

Tras la caracterización físico-química de las NP, se realizó una batería de ensayos para 

evaluar viabilidad celular, citotoxicidad, genotoxicidad y daño oxidativo en células SH-SY5Y 

expuestas a NP-TiO2. Aunque estas NP fueron internalizadas eficazmente por las células 

neuronales, no redujeron la viabilidad celular aunque sí causaron alteraciones del ciclo celular 

dependientes de la dosis y apoptosis por la vía intrínseca. Los ensayos de genotoxicidad 

mostraron resultados positivos en el ensayo del cometa y el test de micronúcleos (MN), pero 

resultados negativos en el ensayo H2AX, sugiriendo que las NP-TiO2 inducen genotoxicidad 

en las células neuronales no relacionada con la producción de roturas de cadena doble. Además, 

todos estos efectos no se asociaron con la producción de estrés oxidativo, ya que no se 

detectaron incrementos en el daño oxidativo en el ADN o descensos en la tasa glutatión 

reducido/glutatión oxidado. Los resultados obtenidos revelaron que el comportamiento de 

ambos tipos de NP resultó en gran medida comparable; los resultados de gentoxicidad fueron 
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similares, pero las NP de anatasa pura fueron internalizadas por las células con mayor 

efectividad y mostraron mayor potencial para inducir citotoxicidad, en concreto alteraciones del 

ciclo celular. Las observaciones realizadas en este estudio reiteran la preocupación acerca de la 

seguridad de las NP-TiO2 que se utilizan en productos de consumo habitual. 

Las NP de óxido de zinc (NP-ZnO) son también unas de las NP de óxidos metálicos más 

abundantemente utilizadas en bienes de consumo y aplicaciones biomédicas, debido a sus 

propiedades específicas como son la transparencia, su alto punto isoeléctrico, la 

biocompatibilidad y la eficiencia fotocatalítica. Estas NP se emplean ampliamente en una 

variedad de productos, incluyendo cosméticos, pasta de dientes, protectores solares, rellenos en 

materiales médicos, textiles, pinturas de pared, y otros materiales de construcción, y pueden ser 

también utilizadas en la remediación ambiental para la eliminación o degradación de los 

contaminantes en el agua o el aire. Como resultado de todos estos usos, la exposición humana a 

estas NP es altamente frecuente.  

Aunque la toxicidad de las NP-ZnO se ha estudiado ampliamente y se ha demostrado que 

afectan a muchos tipos diferentes de células y sistemas animales, los datos toxicológicos acerca 

de las NP-ZnO en el sistema nervioso son significativamente escasos, especialmente en lo que 

se refiere a las células y tejidos nerviosos humanos. Por lo tanto, en el capítulo 4 de esta tesis, se 

investigaron los efectos citotóxicos y genotóxicos de las NP-ZnO en las células neuronales 

humanas SH-SY5Y, bajo diferentes condiciones de exposición. 

Los resultados obtenidos por citometría de flujo mostraron que las NP-ZnO no entran en 

las células neuronales, pero su presencia en el medio indujo descensos significativos de la 

viabilidad celular dependientes de la dosis a partir de 25µg/ml, a todos los tiempos de 

tratamiento testados. La exposición a NP-ZnO causó importantes alteraciones en el ciclo celular, 

incluyendo detención mitótica, e inducción de apoptosis apenas relacionada con descenso en el 

potencial de membrana mitocondrial, indicando que este tipo de muerte celular se produjo 

principalmente por una ruta independiente de la mitocondria.  

Los resultados también mostraron que las NP-ZnO causaron genotoxicidad en las células 

neuronales, esencialmente daño primario en el ADN, evaluado mediante el ensayo del cometa, y 

fosforilación de la histona H2AX desde las 3h de exposición, e inducción de MN tras 6h de 

exposición. Asimismo, estas NP produjeron incremento en el daño oxidativo en el ADN en 

todas las condiciones testadas. Sin embargo, no se observaron alteraciones en la integridad de la 

membrana citoplasmática en presencia de las ZnO-NP, aunque no se puede descartar la 

posibilidad de que las NP interaccionen con algún componente de la membrana sin alterar su 

integridad. 

A fin de determinar si los iones de zinc pudiesen ser los responsables de los efectos 

tóxicos observados para las ZnO-NP, se evaluó la liberación de estos iones a partir de las NP. 
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Los resultados mostraron efectivamente la liberación de iones hasta niveles de 0.3mM. Sin 

embargo, estos niveles de iones no causaron descenso en la viabilidad celular, sugiriendo que no 

son los causantes de los efectos tóxicos descritos, al menos en lo que se refiere a la disminución 

en la viabilidad de las células neuronales. Sin embargo, no se puede descartar por completo que 

puedan jugar un papel relevante en otros tipos de daño celular. 

Dado que en este estudio se han demostrado efectos neurotóxicos de la NP-ZnO a 

diferentes niveles, aunque su mecanismo de acción todavía requiere de mayor clarificación, se 

precisa realizar investigaciones adicionales para desarrollar las necesarias precauciones de 

seguridad y límites de exposición para las personas que trabajan en la producción y manufactura 

de materiales que contengan estas NP, y para aquellas que estén expuestas a ellas cuando se 

implementan en diferentes aplicaciones comerciales, industriales y médicas. 

Las NP de óxido de hierro (ION) han ido ganando progresivo interés desde el 

nacimiento de la nanotecnología gracias a sus características únicas. Debido a sus propiedades 

magnéticas, las ION tienen un inmenso potencial en una amplia variedad de aplicaciones en 

diversos campos de la biotecnología y la biomedicina, tanto para diagnóstico como para terapia, 

tales como para agentes de contraste en imágenes por resonancia magnética, como vehículos 

para la administración de fármacos y genes, y como mediadores térmicos para terapia 

anticancerosa; de hecho algunas de ellas han sido ya aprobadas para su uso en clínica. Aparte de 

estas aplicaciones principales, las ION están siendo intensamente exploradas en neuromedicina 

dado que tienen la capacidad de atravesar la barrera hematoencefálica. Esta capacidad las hace 

muy adecuadas para ser utilizadas como herramientas terapéuticas y de diagnóstico 

prometedoras para tumores malignos del sistema nervioso. 

Teniendo en cuenta que los óxidos de hierro se producen naturalmente en forma de 

cristales de tamaño nanométrico en la corteza terrestre, y que las ION ya se han utilizado en 

aplicaciones clínicas, podría parecer que no existe riesgo subyacente para la salud asociado con 

estas NP. Aunque algunos estudios en la literatura han demostrado que las ION son menos 

tóxicas que otros tipos de NP metálicas, son aún escasos los estudios sistemáticos acerca de sus 

efectos sobre el sistema nervioso humano, y sus resultados han sido hasta la fecha 

inconsistentes. Por lo tanto, teniendo en cuenta los usos relevantes y prometedoras aplicaciones 

de las ION en el campo de la neuromedicina, resulta necesario evaluar en profundidad sus 

potenciales efectos nocivos sobre las células neuronales. 

Las ION desnudas (sin cubierta superficial) tienden a formar aglomerados que se vuelven 

inestables con el tiempo. Pueden ser fácilmente atrapadas por las células del sistema inmune 

como materiales extraños, lo que supone que no pueden llegar al objetivo deseado, y son 

además químicamente muy activas y fácilmente oxidadas, lo que resulta frecuentemente en la 

pérdida de magnetismo y dispensabilidad. Para resolver estos problemas, la superficie de las NP 

puede ser modificada mediante el recubrimiento con una serie de materiales con diferentes 
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propósitos, y la funcionalización de la superficie puede desempeñar un papel clave no sólo en la 

regulación de la penetración a través de la membrana celular, sino también interfiriendo con la 

actividad de las células. Sin embargo, la evaluación de los posibles efectos nocivos de ION 

recubiertas superficialmente con productos varios en diferentes líneas de células neuronales 

muestran hasta la fecha resultados contradictorios.  

Entre todas las posibles modificaciones superficiales para las ION, la cubierta de sílice 

(SiO2) tiene varias ventajas que la hacen especialmente adecuada para ser empleada con fines 

médicos. Por ejemplo, las ION recubiertas de sílice (S-ION) presentan carga negativa al pH de 

la sangre, lo que ayuda a evitar la formación de agregados en los fluidos corporales, y su matriz 

transparente permite el paso eficiente de la luz de excitación y emisión, lo que representa una 

propiedad relevante para el diagnóstico por imagen. Sin embargo, su potencial toxicidad sobre 

el sistema nervioso no se ha abordado en profundidad. 

Por lo tanto, el objetivo del capítulo 5 de esta Tesis consistió en evaluar la toxicidad de las 

S-ION en las células neuronales humanas SH-SY5Y. Para ello se analizaron como parámetros 

de citotoxicidad las alteraciones en el ciclo celular, la muerte celular por apoptosis o necrosis y 

la integridad de la membrana plasmática. Se determinó también la genotoxicidad mediante la 

evaluación de los niveles de fosforilación de la histona H2AX (ensayo γH2AX), el test de MN, 

y el ensayo de cometa. Además, se analizó la producción de estrés oxidativo mediante la 

detección de la producción de especies reactivas de oxígeno (ROS), del nivel de glutatión y del 

daño oxidativo en el ADN. De forma complementaria, se evaluaron asimismo los posibles 

efectos de las S-ION sobre la reparación del daño en el ADN por medio de ensayo de 

competencia de reparación del ADN. 

Los resultados de los experimentos mostraron que, a pesar de ser internalizadas 

eficazmente por las células neuronales, las S-ION presentan en general baja citotoxicidad; 

aunque se obtuvieron resultados positivos en algunas condiciones experimentales, la viabilidad 

celular se mantuvo por encima del 80% en todos los casos. Los ensayos de determinación de 

hierro en el medio de cultivo manifestaron que, a pesar de estar recubiertas por sílice, estas NP 

liberan iones de hierro de forma dependiente de la dosis y del tiempo.  

En la evaluación de citotoxicidad se observó que las S-ION no producen cambios en la 

integridad de la membrana plasmática, y solamente inducen alteraciones del ciclo celular o 

muerte celular por apoptosis cuando se testan a las dosis más elevadas o el tiempo de exposición 

más prolongado. 

Respecto a la genotoxicidad, el tratamiento de las células neuronales con S-ION indujo 

daño primario en el ADN dependiente de la dosis pero que, según los resultados negativos 

obtenidos en el test de MN y el ensayo γH2AX, no está relacionado con la producción de 

roturas de doble cadena del ADN o pérdidas cromosómicas. A pesar de que las S-ION no fueron 
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capaces de producir ROS en ausencia de contacto con células, se encontró incremento en la 

producción de estas especies reactivas en las células SH-SY5Y tras la exposición a las NP, 

resultando además en descenso del glutatión y aumento del daño oxidativo en el ADN. 

Según los resultados obtenidos en el ensayo de competencia de reparación del ADN, en el 

que se induce un daño en el material genético utilizando peróxido de hidrógeno y luego se 

permite un cierto tiempo para su reparación, los mecanismos de reparación no resultaron 

afectados por las S-ION en las células cuando la exposición a las NP se realiza antes de la 

inducción del daño o durante el periodo de reparación. No obstante, cuando la exposición a las 

S-ION se produce simultáneamente con el peróxido de hidrógeno, el periodo de reparación de 

30 minutos no resulta suficiente para reparar el daño provocado. 

En suma, los resultados experimentales obtenidos en esta Tesis contribuyen a incrementar el 

conocimiento sobre el potencial citotóxico y genotóxico de las NP de óxidos metálicos en 

general, y específicamente en las células neuronales humanas. Los resultados obtenidos también 

destacan la necesidad evaluar las posibles interacciones de las NP con los sistemas vivos, con el 

fin de revelar sus efectos a diferentes niveles. En concreto, cuando los nanomateriales son 

diseñados para estar en contacto directo con el ser humano, o incluso para ser introducidos en el 

interior de su organismo (como es en el caso de las aplicaciones biomédicas o alimentarias), 

resulta de crucial importancia determinar si estos nuevos materiales son suficientemente 

seguros; en otras palabras, que para que la sociedad se beneficie plenamente de la 

nanotecnología la relación beneficio-riesgo ha de ser favorable, de forma que las enormes 

posibilidades de esta ciencia emergente puedan ser explotadas convenientemente sin riesgos 

para la salud, o con riesgos mínimos. 
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1.1. NANOTOXICOLOGY  

1.1.1. A brief history of nanotechnology  

Nanotechnology is the term given to those areas of science and engineering where 

nanometre scale (approximately 1-100nm) is utilized in the design, characterization, production 

and application of materials, structures, devices and systems (Blaunstein and Linkov, 2010). 

Study of the nanoscale phenomena is not a new field since scientists have been working 

in nanoscience for many decades in several areas of technology and medicine (Pitkethly, 2004). 

For example Pasteur’s work with spoilage bacteria, measurable on the micrometre (μm) scale 

(1μm = 1000nm), and Watson and Crick’s discovery of the DNA structure (a molecule of DNA 

is about 2.5nm wide) can be considered nanoscience (Institute of Medicine (US) Food Forum, 

2009). However, interest in nanomaterials, in particular in engineered nanomaterials (ENM), 

i.e., those not naturally produced but manmade, has increased significantly over the past several 

decades. ENM are intentionally developed materials that have at least one dimension of 1–100 

nm and exhibit novel properties compared to the larger scale form of a material of the same 

composition (Majuru and Oyewumi, 2009). 

The concept of nanotechnology was firstly introduced by the American physicist Richard 

Feynman in his lecture ‘There's plenty of room at the bottom’ at an American Physical Society 

meeting in Caltech on December 29, 1959 (Fitzpatrick et al., 2014). Dr. Feynman’s talk has 

been viewed as the first academic talk where he issued an invitation to physicists of his 

generation to enter a new field of physics: the field of nanotechnology (Ando and Kumar, 

2010). Although he did not use the term ‘nanotechnology’, he described a process by which the 

ability to manipulate individual atoms and molecules might be developed (Feynman, 1960). 

A Japanese student called Norio Taniguchi was the first person in using the term ‘nano-

technology’ in a 1974 conference, where he stated ‘nano-technology mainly consists of the 

processing, separation, consolidation, and deformation of materials by one atom or one 

molecule’ (Taniguchi, 1974). However, nanotechnology did not develop into a field until the 

1980s, when Eric Drexler, scientist at the Massachusetts Institute of Technology, who was 

unaware of Taniguchi's prior use of the term, published his first paper on nanotechnology in 

1981, entitled ‘Molecular engineering: an approach to the development of general capabilities 

for molecular manipulation’ in the journal Proceedings of the National Academy of Sciences. 

(Ranjit and Klabunde, 2007). In this article, Drexler discussed the possibility of molecular 

manufacturing as a process of fabricating objects with specific atomic specifications, using 

designed protein molecules (Drexler, 1981). Drexler took these concepts and expanded the 
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study of their potential in a book entitled ‘Engines of creation: the coming era of 

nanotechnology’ (Drexler, 1996). Later, due to the publicity generated by Drexler’s work, 

scientists from all over the world began to have a vested interest in the field of nanotechnology. 

Just as Watson and Crick’s discovery of the structure of DNA led to a biotechnology 

revolution, Drexler created interest in the field but also outlined a nanotech revolution, and 

researchers around the world have brought nanotechnology to a more realistic and attainable 

level (Santamaria, 2012). Nanotechnology and nanoscience got a boost in the early 1980s with 

the availability of tools that allow scientists to see things that they were not able to see in the 

past, with the development of microscopic technologies such as scanning tunnelling microscope 

(STM) (Binnig and Rohrer, 1986) and atomic force microscopy (AFM).  

While nanotechnology came into existence through Feynman’s and then Drexler’s vision 

of molecular manufacturing, the field has evolved into research in several fields, including 

chemistry, materials science, medicine, toxicology, ecology, and industrial hygiene by 

multidisciplinary attempts with combination of chemistry, materials science, molecular biology, 

and molecular engineering (Oberdörster et al., 2007). The past two decades have witnessed 

tremendous progress in nanotechnology. Not only nanomaterials became an important part of 

our everyday lives as components of cosmetics, polymers, sporting goods, sensors, gasoline 

additives, or materials for medical diagnostics, but also they moved into our research labs to 

narrow down the concerns about their possible toxicity and influence on organisms caused by 

long-term exposure. 

Beginning in the early 2000s, concerns about the potential human and environmental 

health effects of nanomaterials were being expressed by many scientists, regulators, and non-

governmental agencies, because particles and materials in the nanosize range may pose 

toxicological hazards due to their enhanced reactivity (Santamaria, 2012). It was not until very 

recently that this topic began to gain increased interest and, as seen in Figure 1.1, the number of 

scientific articles published on ‘nanotoxicity’ or ‘nanotoxicology’, progressively increased; 

before 2005 it was almost negligible. 

An understanding of the toxicological profiles of ENM is necessary in order to ensure 

that these materials are safe for use and are developed responsibly, with optimization of benefits 

and minimization of risks. However, the development and production of ENM are increasing 

faster than their toxicological information is being acquired. The uncertainty and the lack of 

information on possible adverse effects of ENM have been taken into consideration by many 

organizations worldwide such as the US Environmental Protection Agency (EPA), the World 

Health Organization (WHO), the US National Institute for Occupational Safety and Health 

(NIOSH), the European Commission (EC) and the Organization for Economic Co-operation and 

Development (OECD). Many official documents have been published by these organizations 
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addressing the need of dedicated research on appropriate methodological assays for assessing 

ENM toxicity (Colognato et al., 2012). 

 

Figure 1.1. Number of publications from Thomson Reuters Web of ScienceTM database 

on ‘nanotoxicity’ or ‘nanotoxicology’ topics. Data for year 2015 is up to the end of 

May. 

1.1.2. Terminology  

Many committees and reports were set up worldwide by various institutions, to define 

terms in the context of nanotechnology [(Department for Environment, Food and Rural Affairs 

of the United Kingdom Government, 2007), (European Commission Joint Research Centre, 

2011), US (National Institute for Occupational Safety and Health (NIOSH, 2006),US National 

Nanotechnology Initiative (NNI, 2007)] which might give a false impression of a not yet 

achieved consensus. Thus, this section will be devoted to define such important terms. 

The prefix ‘nano’, derived from the Greek ‘nanos’ which means ‘dwarf’, is becoming 

increasingly common in scientific literature (Goncalves et al., 2011). Popularly, ‘nano’ is used 

as an adjective to describe objects, systems, or phenomena with characteristics arising from 

nanometre-scale structure (Buzea et al., 2007). 

The term ‘nanomaterial’ refers to a material, i.e., functionally specific matter, which, 

owing to its nanometric structure, has a modified chemical or physical property (or combination 

of properties) that is improved, adapted, or new compared with the bulk material of the same 

composition (Bréchignac et al., 2010). The British Standards Institution (BSI, 2011) makes the 

more precise definition of a nanomaterial as being either a nanoparticle (in the sense of a nano-

object), or a nanostructured material whose dimensions exceed the nanometric scale (1nm to 

100nm). The nanometre is a metric unit of length, and denotes one milliardth of a metre or 10-

9m.  
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The technical committee of the International Standards Organization (ISO) devoted to 

nanotechnologies defines nanoparticles (NP) as ‘particles with a nominal diameter (such as 

geometric, aerodynamic, mobility, projected-area or otherwise) smaller than about 100 nm 

(ISO/TS 27687). For comparison purposes, the width of an average hair is 100,000 nm, human 

blood cells are 2,000 to 5,000nm long, and a strand of DNA has a diameter of 2.5nm (Naahidi et 

al., 2013) (Figure 1.2). These simple size comparisons give an idea of using NP as very small 

probes that would allow us to spy at the cellular machinery without introducing too much 

interference. Hence, NP possess the ability to imitate and interact with biological systems at the 

same scale of their parts; this is the explanation what has driven the burst of nanobiotechnology 

research recently. Materials engineered to such a small scale are often referred to as engineered 

nanomaterials (ENM), which can take on unique optical, magnetic, electrical, and other 

properties (NIH, 2014). In the context of this document, to avoid the confusion, the terms ENM 

and NP will be used interchangeably. 

 

Figure 1.2. Nanoscale showing nanomaterials compared to biological components, with 

indication of 'nano' and 'micro' sizes (from Wibke Busch, 2010). 

Nanotoxicology was proposed as a new branch of toxicology to address the adverse 

health effects caused by nanomaterials (Oberdörster et al., 2005). Toxicology, as it is defined by 

the Society of Toxicology, is the study of the adverse effects of chemical, physical or biological 

agents on living organisms and the ecosystem, including the prevention and improvement of 

such adverse effects (SOT, 2005). When this definition of toxicology is combined to 

nanomaterials, nanotoxicology could be described as the study of the adverse effects of ENM on 
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living organisms and the ecosystems, including the prevention and amelioration of such adverse 

effects (Oberdörster, 2010). 

For many reasons related to their behaviour and environment, e.g., during their 

fabrication, nanomaterials rarely occur in free form, i.e., isolated from one another (Ju-Nam and 

Lead, 2008; S. Isfort and Rochnia, 2009). They tend to group together into more or less stable 

but disordered clusters, some dimensions of which may be significantly longer than 100 nm. 

The term ‘primary particle’ is also used to designate the elements making up a cluster. 

According to ISO/TR27628 document, there are two types of clusters: when primary particles 

adhere to one another by weak physical bonds, e.g., Van der Waals forces, it is called 

agglomerate. If the cluster consists of primary particles connected by strong chemical bonds 

(covalent bonds), or they have partially fused together, the cluster is referred to as an aggregate 

(Witschger, 2011) (Figure 1.3). 

 

Figure 1.3. Nanoparticles tend to agglomerate in physiological fluids but may also 

build stable aggregates. Agglomerates and aggregates are characterised by the 

hydrodynamic diameter that can differ significantly from the primary particle diameter 

(from Jiang et al., 2008). 

1.1.3. Physicochemical properties of nanomaterials 

Advances in nanotechnology in both scientific research and application areas are likely to 

significantly benefit society and economy (Oberdörster et al., 2007). By some estimates, 

nanotechnology promises to far exceed the impact of the Industrial Revolution and is projected 
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to become a three billion dollars market by 2015. The reason for ENM to be that popular is 

mainly because of their unique physical and chemical properties, which give them a great 

potential for industrial and biomedical applications (Nel et al., 2006). 

The unusual physicochemical properties of ENM, such as their small size, surface 

structure, solubility, shape, and aggregation (Sutariya and Pathak, 2015) are also the reason for 

requirement of an interdisciplinary approach to study these materials as potential toxic agents, 

involving multiple aspects ranging from physics and chemistry to biology and medicine (Fubini 

et al., 2007). 

Nanosize is one of the main physicochemical features that make ENM different from 

their larger equivalents (De Jong and Borm, 2008). As size decreases, the mobility, potential 

transport, and availability of the particle in the environment increase. This mobility could 

translate to passive transport across cellular membranes. The NP that cross membranes will then 

be able to interact with macromolecules such as proteins, DNA, or RNA. Also, as a direct 

consequence of their small size, NP have a very large surface area with regard to the same mass 

of bigger particles. This may be one of the reasons why NP are generally considered more toxic 

than larger particles of the same material. In other words, while the size of a particle decreases, 

its surface area increases, which allows a greater proportion of its atoms or molecules to be 

exposed on the surface rather than the interior of the material (Figure 1.4). The increase in 

surface area determines the potential number of reactive groups on the particle surface and 

therefore it is strongly possible that biological activity might increase.  

 

 

Figure 1.4. For the same quantity of material, the decrease in particle size 

means a high increase in surface area (from 

www.uwgb.edu/dutchs/GRAPHIC0/GEOMORPH/SurfaceVol0.gif) 

Another very important factor that may contribute to the behaviour and biological 

responses of ENM is the state of dispersion in a particulate system, which refers to the relative 
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number of single particles in a suspending medium in comparison to agglomerates (Powers et 

al., 2006). Particles will tend to agglomerate in suspension unless the conditions are present for 

a stable dispersion. These agglomerates may be formed directly from attractive inter-particle 

forces (e.g., Van der Waals and hydrophobic interactions) or through the binding of molecules 

in the surroundings (e.g., polymers, proteins, polysaccharides) (Powers et al., 2009). Even 

though NP display a certain size after synthesis, the smaller the particle, the stronger the inter-

particle forces that attract them. Thus, they might aggregate into vastly different shapes and 

sizes, which may also profoundly change the dynamics and properties of the resultant potential 

hazards (Fubini et al., 2007; Maynard et al., 2010). 

As in the case of size, particles may also have a ‘shape distribution’. Occasionally, ENM 

have readily definable shapes such as spherical, oval, cubic, prism, helical (Colognato et al., 

2012). Different structural shapes and types of nanomaterials are summarised in Table 1.1. The 

effect of NP shape on their internalization was examined by Verma and Stellacci, (2010), who 

reported that spherical particles were taken up 500% more efficiently by cells than rod-shaped 

particles of similar size. 

Table 1.1. Types of ENM classified by their structure and composition (adapted from 

Dawidczyk et al., 2014; Tang et al., 2009). 

 

Surface chemistry consists of a wide variety of properties that conduct the way in which 

particles interact with biomolecules and biological systems. Surface charge of ENM has great 

importance in the induction of biological effects, as it is a major factor in determining the 

particle dispersion characteristics and also influences the adsorption of ions and biomolecules, 

which may change how cells react to the particles (Powers et al., 2006). Classically, the surface 

charges of particulate systems are approximated through zeta potential measurements 

(Adamson, 1990). Zeta potential refers to the function of the surface charge of the particle and 

the nature and composition of the surrounding medium in which the particle is dispersed (Zuin 

et al., 2007). 
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Differences in physicochemical properties between NP and larger particles determine 

their behaviour and biodistribution in the body following translocation from the portal of entry, 

their cellular interactions, and their effects (Oberdörster, 2010). Whereas many of the effects at 

the organ of entry (primary target organ) usually the respiratory tract can be the same for both 

particle sizes, secondary organs can be affected differently. What distinguishes NP from their 

larger counterparts is a major influence of their toxic properties and unusual biokinetic 

behaviour, which will be discussed in the next sections. 

1.1.4.  Exposure and biodistribution  

With the growing commercialization of ENM, chances for human exposure to these 

materials increase substantially. As their toxicity is generally related to their abundance and 

persistence, the effective dose, and the duration of the exposure, a systematic and thorough 

analysis is essential (Yoshioka et al., 2014). Hence, in this section, the current understanding 

regarding the exposure and biodistribution profile of NP will be represented.  

In general, NP are considered to be able to enter into direct contact with the organism via 

four main routes: dermal penetration, ingestion, inhalation and systemic entrance (Martirosyan 

and Schneider, 2014). Because clothing, drugs, cosmetics, and various skin care products 

contain NP, their contact with the skin occurs intentionally as well as accidentally. Furthermore, 

as the use of ENM in food as food additive and in pharmaceuticals is increasing, people in 

developed countries ingest an estimated 1012-1014 manufactured particles per person every day 

(Mahler et al., 2012).  

One of the most important absorption pathways is the respiratory tract. Inhalation is 

probably the major route for NP in atmospheric pollutants, combustion-derived NP, and freely 

dispersible mineral or metal NP resulting from bulk manufacture and handing (Wang et al., 

2009). Inhaled NP are deposited in all regions of the respiratory tract; however, larger particles 

may be filtered out in the upper airways, whereas smaller particles reach distal airways (Forbe et 

al., 2011). After absorption across the lung epithelium, they enter the blood and lymph to reach 

cells in the bone marrow, lymph nodes, spleen, heart, or any other organ. NP can even reach the 

central nervous system and ganglia following translocation (Oberdörster et al., 2005). 

Regardless the absorption pathway, distribution of the particles in the body is strongly 

dependent on their surface characteristics (Hoet et al., 2004), and varies depending on their 

material, size, and charge. NP are small enough to penetrate very small capillaries throughout 

the body and to translocate across cell barriers. Therefore they might enter cells by various 

mechanisms and associate with subcellular structures and secondary organs (Kettiger et al., 

2013). Thus, effects such as inflammation, oxidative stress and molecular cell activation are 
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likely to occur not only in the primary organ of entry, but also in secondary target organs 

(Oberdörster et al., 2009). 

As it can be seen in Figure 1.5, NP may be actively incorporated via phagocytosis, 

pinocytosis, clathrin-dependent endocytosis, clathrin- and caveolae-independent endocytosis, or 

caveolae-mediated endocytosis (Sahay et al., 2010). Particles internalized via active uptake are 

commonly transported in vesicular structures that then fuse to phagolysosomes or endosomes 

(Barbara Rothen-Rutishauser et al., 2014). Sometimes, they might be exocytosed upon 

pinocytosis. Alternatively, they may also be carried to the cytosol, or transported via 

caveosomes to the endoplasmic reticulum, or cross the cell as part of transcytotic processes (Jud 

et al., 2013). Besides active transport, NP may also enter the cell passively via diffusion through 

the plasma membrane (Sahu and Casciano, 2009). From the cytoplasm they may then gain 

access to subcellular compartments such as the nucleus and mitochondria (Hart and West, 

2009). This makes NP uniquely suitable for therapeutic and diagnostic uses, but it also leaves 

target organs, such as the central nervous system (CNS), vulnerable to potential adverse effects. 

 

Figure 1.5. Summary of possible mechanisms of NP for entering cells and cellular 

compartments. NP may actively be taken up by cells via phagocytosis (A), 

macropinocytosis (B), clathrin-mediated endocytosis (C), clathrin- and caveolae-

independent endocytosis (D), caveolae-mediated endocytosis (E) or by passive diffusion 

(F) (from Mühlfeld et al., 2008). 
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Although translocation of NP to the brain is possible and well-studied in the literature 

under different experimental conditions (Cheng et al., 2015; Mc Carthy et al., 2014; Pedram et 

al., 2014; Shim et al., 2014; Yemisci et al., 2014), the health relevance for real-life situations is 

far from clear. Therefore, the evaluation of the potential toxic effects of NP on neuronal cells is 

required, as specific mechanisms and pathways through which NP may exert their toxic effects 

remain largely unknown. 

The brain is probably the best protected of the organs in the human body. Besides the 

protection against mechanical damage, it is also shielded from possibly damaging compounds 

(circulating pathogens, toxins, and also endogenous signalling substances) in the blood by 

means of structural barriers (M. Simkó and Mats-Olof Mattsson, 2014). The most important one 

is the blood-brain barrier (BBB). The BBB is a specialized protective barrier that separates 

blood from cerebrospinal fluid. It consists of endothelial cells connected by complex tight 

junctions, which restrict the access of large or hydrophilic compounds to the brain (Begley, 

1996). However, NP made of different materials could cross the BBB and accumulate within the 

brain (Masserini, 2013). Due to their special physicochemical properties, such as large surface 

area, NP may cause neurotoxicity after entering the nervous system. 

1.1.5. Potential adverse effects 

Nanotechnology is a major source of innovation with important economic consequences. 

Nanotechnology-based products in general have already been catalogued and the global market 

size for these products is expected to grow to three billion dollars in the year 2015 (Kaur et al., 

2014). However, safety concerns have arisen for such products because ENM, especially metal 

oxide NP, may catalyse generation of free radicals which could cause skin damage and even 

cancer (Manke et al., 2013). 

As explained in the latter section, particles in the nano-size range can certainly enter the 

human body via inhalation, dermal contact, ingestion and parenteral routes (Hoet et al., 2004). 

Then the nanomaterials come into immediate contact with a collection of molecules and cells 

that is characteristic of the absorption site environment and attempt to lower its surface energy 

by adsorbing surrounding biomolecules including proteins, lipids, small molecules, saccharides, 

and nucleic acids (Walkey C., 2012). Later, the absorbed structures can be transported to 

various organs including the brain, heart, liver, kidneys, spleen, bone marrow and nervous 

system (Liu et al., 2007). Finally, they cross the cellular membranes and move into the 

cytoplasm of the cells that form the organ and reside there for an uncertain period of time before 

affecting other organs or to be excreted out of the host organism (Karagkiozaki et al., 2012). 

The extremely small size of NP allows them to enter human cells; indeed, different 

studies showed a fast uptake of NP into cells in vitro. Their cellular uptake, subcellular 
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localization, and ability to catalyse oxidative products depend on NP chemistry, size, and shape, 

which are limited by the transport of the material to the cell (Figure 1.6). Unlike larger particles, 

NP may be transported within cells and be taken up by cell mitochondria and nucleus (Dar et 

al., 2014).  

Nanostructures could enter the nucleus via transport through the nuclear pore complexes, 

diffusion through the nuclear membrane itself, or may be enclosed into the nucleus by chance as 

a result of the fact that the nuclear membrane is degraded during cell division procedure, and 

then reformed in each daughter nuclei (Karagkiozaki et al., 2012). This type of uptake and free 

movement within the cell makes NP very dangerous by having direct access to cytoplasm 

proteins and organelles. 

Depending on their localization inside the cell, NP can damage organelles or DNA either 

directly or indirectly by interacting with DNA-related proteins, which causes physical damage 

to the genome. Indeed, in vivo and in vitro studies demonstrate the potential of nanomaterials to 

cause DNA damage (Chen and von Mikecz, 2005; Gassman et al., 2015; Al Gurabi et al., 2015; 

Paino and Zucolotto, 2014). 

Indirect DNA damage may occur without a physical interaction between the DNA 

molecule and NP; yet their interaction with other cellular proteins, like the cell division process 

proteins, might be required. Additionally, they may induce other cellular responses that in turn 

lead to genotoxicity, such as causing oxidative stress, inflammation and aberrant signalling 

responses (Singh et al., 2009). 

 

Figure 1.6. Schematic illustration of mechanisms of action of ENM (from Dusinska et 

al., 2011). 
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A number of studies have shown that NP can strongly interact with cell membranes and 

produce physical damage (Du et al., 2015; Landgraf et al., 2014; Sharma et al., 2010, 2014). 

This interaction is achieved either by adsorption of them onto the cell surface or by 

compromising the membrane integrity to result in the formation of holes, membrane thinning, 

and lipid peroxidation (Zupanc et al., 2009). Moreover, the result of sudden increase in the 

permeability of the inner mitochondrial membrane can cause loss of mitochondrial functionality 

and, finally, promote the cell necrosis procedure (Elmore, 2007). 

As mentioned before, their size-dependent properties that influence NP reactivity are 

likely to affect their hazardous behaviour. Their greater chemical reactivity results in increased 

production of reactive oxygen species (ROS), including free radicals (Nel et al., 2006). Oxygen-

derived ROS are a response to cell injury, and also can occur as an effect of normal cell 

functions such as cell respiration, endogenous metabolism, inflammation, and metabolism of 

foreign compounds (Uttara et al., 2009). ROS production has been found in a diverse range of 

nanomaterials including carbon fullerenes, carbon nanotubes and metal oxide NP. ROS and free 

radical production are among the primary mechanisms of nanomaterials toxicity; it may result in 

oxidative stress, inflammation, and consequent damage to proteins, lipid membranes and DNA 

(Nel et al., 2006). 

Furthermore, NP can enter the human body and interact with components of the immune 

system by inducing inflammation, immune response, and allergic reactions, or even affect the 

immune cells (Salik Hussain, 2011). This interaction leads to an enhanced release of different 

immune signalling molecules, including cytokines.  

Overall, how exactly NP behave in the cell and interact with its components is still a 

major question that needs to be resolved. An understanding of nanotoxicity is essential as it 

could also lead to the harnessing of ENM to be used for many approaches. Thus, in the next 

section the two key elements of toxicity screening strategy, physicochemical characterization of 

nanomaterials, and cellular assays to determine the potential interactions of NP with the cell and 

their mechanisms of action will be explained.  

1.2. METHODS FOR UNDERSTANDING THE INTERACTION BETWEEN 

NANOPARTICLES AND CELLS 

1.2.1. Characterization 

Nanotechnology is a rapidly emerging field across disciplines in science and engineering. 

As the number of nanotechnology related products and devices in the market is advancing, it is 

essential to rigorously assess and understand their effects to both human health and environment 

(Maynard et al., 2006). The strategy of obtaining safety information on nanomaterials involves 
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conducting reliable and reproducible toxicity assessment. To properly assign mechanisms or 

causes for toxic effects of nanoscale materials, their properties and characteristics, both outside 

and within the biological environment, must be well understood.  

Complete characterization of ENM for toxicological study is a complex task. It requires a 

variety of material attributes to be considered, including measurements of size and size 

distribution, shape and other morphological features, bulk chemistry of the material, solubility, 

surface, area, state of dispersion, surface chemistry and other physicochemical properties.  

Conducting reproducible and reliable toxicological studies with ENM is further 

complicated by the behaviour of particulate matter in biological environments. In biological 

systems, the presence of multiple components, high ionic strength, limited temperature range, 

and potential toxic effects of dispersion can restrict the quantification and interpretation of 

properties such as size distribution, state of aggregation, surface charge, surface chemistry, 

translocation, and interaction with biological components (Powers et al., 2007). 

There are many other properties that have been suggested for the complete 

characterization of ENM. Perhaps the most recent list has been compiled by an OECD report 

which most researchers agree with on the basic characterization parameters that predict 

toxicological behaviour of nanoscale materials (OECD, 2014). Although, this list includes a 

number of additional properties, the minimum set of characteristics that should be measured for 

test materials used in nanotoxicity studies are size and shape, state of dispersion, surface area, 

and surface chemistry. 

1.2.1.1.  Size and dispersion 

The determination of particle size is far more challenging and complex than is generally 

assumed. The complexity in particle characterization is associated with two basic aspects. First, 

the small size particles exist in great quantity; hence a large number of particles must be 

sampled and measured in order to adequately represent the size distribution. The second aspect 

is that NP have a natural tendency to agglomerate in suspension. Unless stabilized by some form 

of repulsive surface forces, van der Waals forces will cause particles to stick together as they 

come into contact with each other. Therefore, it must be taken into account that the particle size 

changes as a function of time or with changes in the surrounding environment (Powers et al., 

2007, 2009; Sayes and Warheit, 2009). Thus, the measured size distribution is highly dependent 

upon the state of dispersion of the system (Powers et al., 2009). 

Most individual particle sizing techniques do not clearly differentiate between primary 

particles and particle agglomerates. When agglomeration causes particle shape or density to 

depart from a homogeneous state, the assessment of the particle size distribution becomes less 

reliable (Huynh and Chen, 2014). In order to develop a more complete picture of size 
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distribution and to obtain more stable dispersions, NP can be de-agglomerated by applying 

Shear techniques (mixing, sonication, grinding, and turbulence), but unless the conditions are 

present for a stable dispersion (by native surface charge at a given pH, surfactants, or steric 

stabilization), the system will be prone to re-agglomerate rapidly (Powers et al., 2007). 

One of the most relevant techniques to conduct primary characterization of particle size 

and morphology for toxicological evaluations is observing and manually measuring particles 

from micrographs taken from either the transmission electron microscope (TEM) or the 

scanning capacitance microscope (Sayes and Warheit, 2009). But probably the most common 

sizing technique for ENM is dynamic light scattering (DLS), among others such as laser 

diffraction, centrifugal sedimentation, acoustic techniques, Brownian motion analysis, 

electrozone sensing, and dark field, fluorescent, or confocal microscopy. 

DLS is based on the principle that particles in suspension diffuse under Brownian motion 

as a function of their hydrodynamic diameter (or size), fluid viscosity, and temperature. The 

sample is illuminated by a laser beam and the fluctuations of the scattered light are detected at a 

known scattering angle by a fast photon detector (Figure 1.7). From the NP point of view, the 

particles scatter the light and mark the information about their motion. Thus, analysis of the 

fluctuation of the scattered light yields information about the agglomeration and 

disagglomeration of the particles over time (Koppel, 1972; Sayes and Warheit, 2009). 

 

Figure 1.7. Principle of DLS technique. Smaller particles tend to diffuse more rapidly 

than larger particles at a given temperature and viscosity, and the hydrodynamic 

diameter is calculated by experimentally determining the fluctuations of the scattered 

light. 
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1.2.1.2.  Surface properties 

The ENM surface properties are expected to contribute substantially to the mode and 

extent of their biological interaction. Surface chemistry consists in the chemical structure of 

particle surfaces, surface charge, functional groups, and active sites. Surface adsorption and/or 

coating can completely change the nature of the particles and alter their cellular responses. 

Hence, NP can be even functionalized with different surface chemistries to target specific sites 

or organelles, enhance cellular uptake or improve retention without deleterious cell reactions 

(Rivet et al., 2012). 

Surface properties clearly affect ENM interactions with biomolecules and biological 

systems. It is often unattainable to characterize the full spectrum of surface properties for each 

ENM system. Yet, it is recommended that an interactive approach to surface characterization is 

undertaken by using multiple techniques simultaneously (Powers et al., 2009). 

The most obvious surface property for NP is the high surface area (Issa et al., 2013). The 

surface area plays an important role in the toxicity of ENM because it is the surface what 

interacts with the surroundings and best correlates with particle-induced adverse effects 

(Oberdörster, 2001, 2010). 

Brunauer-Emmett-Teller (BET) analysis is a common method used to attain an surface 

area measurement that can then be converted to a primary particle size (Brunauer et al., 1938). 

However, the limitation of the BET measurement is that it can only be applied to the particle 

characterization whenever there is sufficient dry powder available. For wet systems, or when 

there is insufficient material available to conduct BET analysis, surface area is most often 

approximated by measuring particle size and calculating the surface area using a spherical 

assumption (Powers et al., 2012). 

There is an inverse relationship between surface area and radius of the NP. For spheres, 

specific surface area increases inversely with particle diameter; thus for a given mass it 

increases dramatically as particle size approaches the nano range. The theoretical specific 

surface area is usually measured in squared meters per gram (Powers et al., 2012; Sayes and 

Warheit, 2009). 

Although surface area is important, it is not surface area alone what defines interactions 

with the surroundings. Two principle measurements of surface chemistry are hydrophilicity 

(affinity for water) and surface charge, which will largely determine how the particles 

physically respond to dispersion in aqueous fluids. Since almost all exposures in toxicology 

studies eventually involve aqueous biological fluids, it is important to determine the surface 

charge that develops on particles when they are introduced into aqueous solutions (Powers et al., 

2012). 
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Surface charge can aid in the determination of material dispersion characteristics. Since 

the charge at the particle surface is difficult to measure directly, zeta potential and isoelectric 

point of the particles are typically used to quantify particle charge. Zeta potential, in a colloidal 

system, is the difference in potential between the surface of a material dispersed in a suspension 

and the dispersion medium. Hence, when measuring zeta potential, the dispersion stability of the 

particles becomes more important and provides insight into the agglomeration behaviour of the 

materials; in some cases, if particle stability decreases, then surface charge may change (Powers 

et al., 2007, 2012; Sayes and Warheit, 2009). 

A higher level of zeta potential (both positive and negative) results in greater electrostatic 

repulsion forces among the particles. This repulsion leads to greater separation distances among 

particles in the suspension, reducing agglomeration caused by Van der Waals interactions. A 

zeta potential of +/-30mV is often used as an approximate threshold for stability. Sample 

particles with measured zeta potentials in the range between -30mV and +30mV will have a 

tendency to agglomerate over time, while particles with a zeta potential magnitude just greater 

than 30mV (independent of sign) should be marginally stable (Fazio et al., 2008; Sharma et al., 

2014; Singh et al., 2005). 

The electrical charge properties control the interactions between particles; therefore they 

determine the overall behaviour of a sample suspension. Modifying the stability of a sample, for 

example to minimize agglomeration for drug delivery and pharmaceutical applications (high 

zeta potential required) or, on the contrary, to facilitate the removal of particles too small to 

filter out for water treatment applications (low zeta potential required), is of great importance in 

NP research. Zeta potential of a NP system can be measured with several techniques including 

electro acoustic, DLS, and electrophoretic methods (Alkilany and Murphy, 2010; Powers et al., 

2009, 2012). 

Clearly, there are many other reactions that take place at the surface of NP in the 

biological environment. There may be specific uptake of proteins, specific cell membrane 

interactions, and numerous other interactions, which might have effect on the toxicity profile of 

these materials. An understanding of these various processes controlling the behaviour of NP in 

suspension will be very useful in developing particles designed for therapeutic or imaging 

applications, which have particular surface properties specifically engineered to chemically 

target them to the desired location. When the properties of ENM are thoroughly understood, 

samples might be prepared appropriately for exposure with greater confidence and 

understanding. 
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1.2.2.  Cellular interaction with nanoparticles  

Due to the many different forms of NP being produced and used in a wide variety of 

consumer, industrial, and technological applications, exposure to these particles is often 

unavoidable. Depending on the way of exposure (inhalation, ingestion, injection, and 

permeation through skin), NP may distribute through the whole system and translocate to 

different organs/tissues and might induce adverse effects. 

If NP are to translocate to secondary target organs (such as the liver or brain), then it is 

important for in vitro nanotoxicology studies to mimic the interaction between NP and those cell 

systems by applying them as suspended in cell culture medium. In order to correlate any toxic 

reaction with a NP type, it is necessary to investigate if the particles are adsorbed on the cell 

surface or if they enter cells. 

1.2.2.1. Cellular uptake of nanoparticles 

If NP are found inside cells, their localization in different compartments such as 

endosomes, lysosomes, mitochondria, the nucleus, or the cytosol may also provide some 

answers regarding their potential toxicity. In order to explain how NP accumulate in cells, 

without killing or altering cellular function, it is essential to quantitatively and qualitatively 

characterize their uptake and distribution within the cell (Rivera-Gil et al., 2012). 

In general, NP taken up by cells have been identified by TEM or inductively coupled 

plasma mass spectrometry; however, these methods require an immense amount of time and 

effort. A rather faster method also employed frequently to measure NP uptake is flow cytometry 

(FCM). 

FCM has been used to measure both light scattering and fluorescence from particles or 

cells as they flow in a liquid medium that passes an excitation light source (mainly 488nm laser) 

(Radcliff and Jaroszeski, 1998). When the laser beam strikes in various directions to the 

individual cells that flow as single file in the liquid stream, information about the cells is 

generated (Jaroszeski and Radcliff, 1999). 

Light that is scattered in the direction of the laser path is called the forward-scatter (FSC) 

light. The FSC intensity is proportional to the cell and particle size. Light measured 

approximately at a 90° angle to the laser path is called side-scatter (SSC) light. The SSC 

intensity provides information on the inner structure and the granular content of the cell (Figure 

1.8). 

When NP are taken up by the cells, they can be differentiated by their unique FSC and 

SSC properties. Cells with NP would scatter more light than cells without nanoparticles 

primarily due to many NP located in the cytoplasm (Zucker and Daniel, 2012). SSC intensity 
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consequently increases without change of FSC intensity. This evaluation of NP uptake using 

FSC and SSC is suitable for initial screening of nanotoxicity because particular sample 

processing (staining, labelling, etc.), apart from preparation of single cell suspensions, are not 

required (Ibuki and Toyooka, 2012). In addition, statistically valid information about cell 

populations is quickly obtained since large numbers of cells are analysed in a short period of 

time (Zucker et al., 2013). 

 

Figure 1.8. Analysing NP uptake in cells by flow cytometry. (A) Light scattering by a 

cell having no association with NP;(B) NP adhered to the cell surface leading to 

increase in both FSC and SSC; (C) NP internalization by the cell leading to increase 

only in SSC (from Sharma, 2011). 

1.2.2.2. In vitro cytotoxicity and cell death 

NP size, charge, surface chemistry, shape, and structure can affect the manner in which 

NP interact with biological environment and ultimately determine the potential for cytotoxicity. 

Numerous methods are used to evaluate cytotoxicity both in vitro and in vivo. Although most 

cytotoxicity studies for NP are conducted in vitro, they are limited in their ability to mimic the 

complexity of the in vivo environment. Thus, in vitro cytoxicity studies are often conducted to 

identify the “maximum tolerated dose” and “no observable effect level” of NP dosage (Adjei et 

al., 2014). 

Colorimetric assays have widespread uses when studying the cytotoxic effects of NP in 

cell culture. These assays enable the determination of cell survival, proliferation, and activation 

within a wide variety of cells. In order to assess the number of viable cells in proliferation via 

mitochondrial integrity and functional capacity, the most commonly used cytotoxicity assay in 
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the literature is the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] 

assay. MTT, a yellow tetrazole, is reduced to purple formazan in the mitochondria of viable 

cells (Figure 1.9), process which can be detected spectrophotometrically by a microplate 

absorbance reader. The formation of formazan product has been found to correlate well with 

cell viability in terms of normal functioning of mitochondrial energy-requiring biochemical 

reactions. Hence, measurements of the intensity of the resulting coloured solution provide an 

accurate representation of the number of viable cells. 

 

Figure 1.9. MTT reduction in live cells by mitochondrial reductase 

results in the formation of insoluble formazan (from 

http://www.intechopen.com/source/html/41784/media/image4_w.jpg) 

Another efficient and often used technique for quantitative estimation of cell viability in 

a culture is the neutral red uptake (NRU) assay. This assay is based on the ability of viable 

cells to incorporate and bind the dye neutral red. This weakly cationic dye penetrates cell 

membrane by non-ionic passive diffusion and concentrates in the lysosomes, where it binds by 

hydrophobic bonds to anionic and/or phosphate groups of the lysosomal matrix (Nemes et al., 

1979; Repetto et al., 2008; Winckler, 1976). The dye is then extracted from the viable cells and 

the absorbance of the solubilized dye is quantified using a spectrophotometer. 

The uptake of neutral red depends on the cell capacity to maintain pH gradients, through 

the production of ATP (Koller et al., 2014). When the cell dies or the pH gradient is reduced, 

the dye cannot be maintained. Consequently, the amount of dye kept inside the cells is 

proportional to the number of viable cells, and the toxicity is expressed as percent inhibition of 

neutral red dye retention in the sample (Butler and Roesijadi, 2001). 

The plasma membrane protects the cell from extracellular toxins and controls the 

transport of molecules in and out of the cell. It encloses the cell, defines its boundaries, and 

maintains the essential differences between the cytosol and the extracellular environment. If the 

plasma membrane is disturbed by materials such as NP, then cellular functions may be 

disrupted, causing toxicity. Binding of NP to the surface of the plasma membrane may also 

affect other essential cellular processes, such as ion transport and signal transduction. Bound NP 

may block or competitively bind signalling proteins or ion channels and isolate the cell from the 

extracellular space (Sahu and Casciano, 2009). 
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Alterations in membrane integrity can be investigated colourimetrically by the lactate 

dehydrogenase (LDH) assay. LDH is a stable cytosolic enzyme, present within all mammalian 

cells, that is only released when there is damage of the plasma membrane. The normal plasma 

membrane is impermeable to LDH, but damage to the cell membrane results in a change in its 

permeability and subsequently in the leakage of LDH into the extracellular fluid (Wang et al., 

2005). Once in the extracellular space, LDH oxidizes lactate to pyruvate simultaneously 

reducing nicotinamide adenine dinucleotide (NAD) to NADH (reduced NAD). Finally, NADH 

reacts with iodonitrotetrazolium (INT, another tetrazolium salt) to form a formazan product 

(Martins et al., 2013). The resulting orange formazan product and can be measured 

quantitatively by spectrophotometry (Figure 1.10). 

 

Figure 1.10. LDH assay detection mechanism (from 

tools.lifetechnologies.com/content/sfs/gallery/high/88953-001-

LDH-Cytotox.jpg). 

The release of LDH into culture supernatant correlates with the amount of cell death and 

membrane damage proving an accurate measure of the cellular toxicity induced by the test 

substance (Kendig and Tarloff, 2007). Because of this unique mechanism, the LDH assay 

provides a powerful tool to quantitatively measure cell membrane lysis in the presence of 

materials such as NP (Han et al., 2011). 

Although the above-mentioned assays take into consideration the potential cytotoxicity of 

NP on the mitochondria and the cell membrane, in order to determine the absolute toxicity, an 

assessment of the substance ability to cause cell death is necessary (Rivera-Gil et al., 2012). 

There are, however, two specific forms of cell death, which have received increased attention in 

relation to NP exposure to cells (Clift and Stone, 2012). 

The first of these processes is apoptosis, also known as programmed cell death, which is 

essential for the development and maintenance of multicellular organisms (Leist and Jäättelä, 

2001). Apoptosis is an efficient defence mechanism to prevent damaged cells from undergoing a 

transition to malignancy (Brown and Attardi, 2005). The second process, necrosis, has been 

shown to occur in response to externally induced toxicity. Necrosis is characterized by the rapid 

loss of cellular homeostasis, early plasma membrane rupture, and disruption of cellular 

organelles, whereas apoptosis is characterized by shrinkage of the cell and the nucleus (Kerr et 
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al., 1972; Majno and Joris, 1995). Cell death is commonly assessed by the use of specific 

fluorescent staining solutions/antibodies for both apoptosis and necrosis.  

Although there are many different tests available, annexin V-based tracers are the most 

frequently used agents for in vitro detection and quantification of apoptotic cells (AshaRani et 

al., 2009). When cells undergo apoptosis, the early response includes the transport of inner cell 

membrane lipids, such as phosphatidylserine (PS), to the outer surface of the membrane, serving 

as a marker for macrophages to eliminate these cells. The annexin-V assay, is based on the 

high affinity of annexin-V for PS (Yang et al., 2012). Upon exposure of cells to apoptotic 

stimuli PS is flipped to the outer leaflet of the plasma membrane, thereby allowing annexin V 

(which is labelled with a fluorescent dye: fluorescein) to bind it, thus marking the early 

apoptotic cells and making their identification possible by fluorescence detection. The 

necrotic/late apoptotic cells are also distinguished via the use of another fluorescent dye, 

propidium iodide (PI), which stains DNA in those cells with altered membrane permeability 

(necrotic/late apoptotic cells) (Wu et al., 2010a) (Figure 1.11). 

 

Figure 1.11. The principle of apoptosis detection by annexin V/PI (from 

www.dojindo.com/store/p/847-Annexin-V-FITC-Apoptosis-Detection-Kit.html). 

 

Not only apoptosis is associated with a distinct set of biochemical and physical changes 

involving cytoplasm, nucleus, and plasma membrane, also mitochondria have been described to 

play a key role in the apoptotic process. In addition to being the source of energy that supports 

life under aerobic conditions, mitochondria can also be the source of signals that initiate 

apoptotic cell death (Gottlieb, 2000). Mitochondria contain key regulators of caspases; a family 

of proteases that are major factors in apoptotic processes (Hengartner, 2000). 

As the energy power-plants of the cell, mitochondria generate adenosine triphosphate 

(ATP) by utilizing the proton electrochemical gradient potential generated by serial reduction of 

electrons through the respiratory electron transport chain (Perry et al., 2011). A distinctive 

feature of the early stages of programmed cell death is the disruption of active mitochondria. 

This mitochondrial disruption includes changes in their membrane potential (MMP) and 

alterations to the oxidation–reduction potential of the mitochondria (Kuznetsov et al., 2011).  
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Changes in MMP are presumed to be due to the opening of the mitochondrial 

permeability transition pore (MPTP), allowing passage of ions and small molecules. The 

resulting equilibration of ions leads in turn to the decoupling of the respiratory chain and the 

release of cytochrome c from the mitochondrial intermembrane space into the cytosol. This 

release induces the assembly of the apoptosome that is required for activating downstream 

caspases (Vander Heiden et al., 2001). Hence, cytochrome c release from mitochondria is a key 

event in initiating apoptosis. 

As opening of the MPTP has been demonstrated to induce depolarization of the 

transmembrane potential, release of apoptogenic factors and loss of oxidative phosphorylation 

(Galluzzi et al., 2007), several fluorescent lipophilic cationic dyes [e.g., tetramethylrhodamine 

methyl (TMRM), rhodamine 123 (Rhod123) and 5,5′,6,6′-tetrachloro-1,1′,3,3′-

tetraethylbenzimidazolylcarbocyanine iodide (JC-1)] have become important tools for directly 

measuring MMP. As positively charged molecules, these dyes will accumulate within 

mitochondria. More polarized mitochondria (where interior is more negative) will accumulate 

more cationic dye, and depolarized mitochondria (interior is less negative) will accumulate less 

dye. For instance, as it can be seen from Figure 1.12, in healthy cells JC-1 diffuses across the 

cellular membrane into the cytoplasm where it fluoresces green. Due to cationic properties of 

JC-1, it migrates into the mitochondria where the net negative charge is -180mV. As the 

concentration of JC-1 within the mitochondria increases, JC-1 begins to form aggregates that 

fluoresce red. However, in cells undergoing apoptosis or in those that have been treated with a 

drug (such as CCCP) the loss of MMP prevents JC-1 from forming aggregates within the 

mitochondria and therefore JC-1 fluoresces green in the cytoplasm. 

 

Figure 1.12. The principle of apoptosis detection with the fluorescent cationic dye JC-1 

(from http://www.nexcelom.com/Applications/Apoptosis.html). 

As nanotoxicological research continues to evolve, not only apoptotic and necrotic 

experimental end-points are usually applied but also more emphasis is directed toward the 
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mechanisms and pathways by which NP induce cell death. Mechanisms of cell death in various 

cell populations can also be elaborately linked with the cell cycle, as there are various check-

points and controls in a cell life cycle to ensure that appropriate division process occur. Without 

control over the cell cycle, pathological processes can initiate; the most common example is 

cancer. Hence, it is important to study the effects that NP may have on the cell cycle and 

division for proper risk assessment. 

Cell cycle is a vital process. Its most basic function is to duplicate accurately the vast 

amount of DNA in the chromosomes and then segregate the copies precisely into two 

genetically identical daughter cells (Alberts et al., 2002). In eukaryotes, cell cycle can be 

divided into two brief periods: (i) the interphase, during which the cell grows and accumulates 

nutrients needed for mitosis and DNA replication and (ii) chromosome segregation and cell 

division occur in the mitosis (M) phase, in which the cell splits itself into two distinct daughter 

cells. Although there are many stages in mitosis (prophase, metaphase, anaphase, and telophase) 

it typically occupies only a small fraction of the cell cycle (Alberts et al., 2002). The other, 

much longer, part of the cycle is spent in interphase, which is divided into three parts: G1, S, and 

G2 phases (Figure 1.13). In the first gap phase (G1), the cell grows and produces enzymes that 

are necessary for cell division. In the synthesis phase (S), the DNA is replicated. Finally, in the 

second gap phase (G2), the cell continues to grow and carries out processes necessary for 

mitosis. In both the G1 and G2 phases, there are checkpoints to ensure that the cell is prepared 

for crucial steps in its division.  

 

Figure 1.13. Phases of the cell cycle (from Mahmoudi et al., 2011). 
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The DNA content of cells is well correlated with the stage of the cells in the cell cycle. 

Cells in the G0/G1 step have half the DNA (2n) of a G2/M phase cell (4n), while the DNA 

content is in between these two during the synthesis phase (Crosby, 2007). Cells with lower 

than 2n DNA are mostly cell garbage, or apoptotic cells which have lost different amounts of 

their DNA. Thus, techniques to perform cell cycle analysis are based on DNA content 

measurements. Probably the most commonly used is univariate (measurement of cellular DNA 

content alone) and bivariate (measurement of DNA versus RNA content) cell cycle analysis 

using flow cytometry, which is based on the use of fluorescent dyes (usually PI) which interact 

with DNA (Mahmoudi et al., 2011). These dyes bind in different ways to the double-stranded 

DNA, which is mainly in the cell nuclei. Nonspecific binding to the double-stranded RNA is 

easily resolved by adding RNase A in conjunction with PI stain. PI intensity in cells can be 

analysed by FCM and percentage of cells in G0/G1, S and G2/M phases calculated (Chan et al., 

2011; Darzynkiewicz et al., 2004). 

1.2.2.3. In vitro genotoxicity 

A vital area controlling most of the regulatory health risk assessment is genotoxicology, 

which can be defined as the study of damages on the genetic information within a cell, 

following exposure to test agent (Singh et al., 2009). Recently, considerable attention has been 

given to the genotoxicity of ENM. As DNA damage induced by ENM may initiate and promote 

carcinogenesis, the importance of their genotoxic potential on human health has been largely 

overlooked. Several reviews and research papers dealing with NP genotoxicity have been 

published in recent years (AshaRani et al., 2009; Karlsson, 2010; Kumar and Dhawan, 2013; 

Magdolenova et al., 2014; Stone et al., 2009; Xie et al., 2011). In this section the most 

frequently used methodologies for genotoxicity evaluation will be addressed.  

NP-induced genotoxicity can be attributed to several factors, such as direct interaction 

with the genetic material, indirect damage due to ROS generation, and release of toxic ions from 

soluble ENM (Magdolenova et al., 2014). Due to the size of ENM, the probability of their 

internalization into the cells and interaction with cellular organelles and macromolecules (DNA, 

RNA, and proteins) is very high. Small sized NP that cross cellular membranes may be able to 

reach the nucleus through diffusion across the nuclear membrane or transportation through the 

nuclear pore complexes, and interact directly with DNA (Donaldson et al., 2010). These 

interactions can damage the genetic material by physical injury as well as by modulating 

biochemical pathways. 

The genotoxic effects of many materials can be identified by a number of techniques that 

detect DNA damage. One of the most common DNA damage assays is the single cell gel 

electrophoresis assay, commonly known as the comet assay. The term “comet” describes the 
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pattern of electrophoretic migration of DNA from a single cell if there is DNA damage (Møller 

et al., 2014).  

Depending on the pH used, the comet assay is able to detect a wide variety of DNA 

damage such as single and double strand breaks (DSB), incomplete excision repair sites, 

crosslinks, alkali-labile sites (e.g., abasic sites) and, by using lesion specific enzymes, oxidized 

DNA lesions (Catalán et al., 2014 ; Collins et al., 2014). 

Several versions of the comet assay are currently in use although the most popular one is 

the alkaline version, which was firstly introduced by Singh et al. (1988). The general scheme of 

this assay represented at Figure 1.14. Briefly, under this method single-cell suspension in low 

melting point agarose is spread onto a normal melting agarose pre-coated microscope slide to 

make a monolayer of cells. Cells are then lysed in high salt concentration and detergent to 

unwind the super-coiled DNA and reveal the damage.  

 

Figure 1.14. Scheme of the standard comet assay (from Azqueta and Collins, 2006). 

During lysis, the aqueous salt disrupts proteins and their bonding patterns within the cell 

as well as RNA content of the cell. The detergent dissolves the cellular membranes, and 

cytoplasmic and nucleoplasmic constituents are disrupted and diffuse into the agarose matrix; 
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only the nuclear DNA remains. The extent of DNA damage is revealed via electrophoresis of 

the agarose embedded single cell samples; negatively charged damaged DNA migrates towards 

the anode away from the nucleus and form a comet shape (Rivera-Gil et al., 2012). The intact 

DNA, due to its large size and winding state migrates minimally. 

The size and shape of the comet and the extent of DNA liberated from the head (to the 

tail) correlate with the extent of DNA damage (Fairbairn et al., 1995). The migrating DNA can 

be detected by different DNA specific fluorescent dyes and its intensity of fluorescence can be 

measured in the head and tail under the microscope either qualitatively by visual inspection, or 

quantitatively by using commercially available computer software (Figure 1.15). 

 

Figure 1.15. Images of cells subjected to comet assay. A) not damaged cell, B) 

moderately damaged cell, C) intensely damaged cell. 

 In the past few years, the comet assay has been extensively used to study genotoxic 

effects of NP; automated image analysis has been commercially available making the use of 

comet assay simple and effective (Tice et al., 2000). However, results published on genotoxicity 

of ENM show high variability even with the same type of material due the diversity of methods 

for preparing dispersions, variation in size distribution and dispersion stability, and different 

exposure conditions (Magdolenova et al., 2014). 

Another specific and very sensitive test to detect DSB is the γ-H2AX assay (Valdiglesias 

et al., 2013). As response to the formation of DSB, the variant histones H2AX flanking the DSB 

sites are rapidly phosphorylated at the Serine 139 residue to become γH2AX (Redon et al., 

2011), which is involved in recruiting repair factors (Bonner et al., 2008; Petrini and Stracker, 

2003) (Figure 1.16). 

Under normal conditions, γH2AX appear within few minutes after the lesion, reach 

maximum levels after about 30min and then decline and disappear after approximately 24h 

(Bourton et al., 2011; Rogakou and Sekeri-Pataryas, 1999). Therefore, H2AX phosphorylation 

represents an early event in the DNA damage response against DSB and plays a central role in 

sensing and repairing these lesions (Matsuzaki et al., 2010; Scarpato et al., 2013). 
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Figure 1.16. Scheme of H2AX phosphorylation process and its consequences in 

DNA damage response (from 

http://www.amsbio.com/news/whitepaper/gamma_H2AX_white_paper.pdf). 

The presence of γH2AX is therefore a sensitive reporter of DNA damage and their 

presence can be detected by using fluorescently labelled antibodies specific to γH2AX (Singh et 

al., 2009). The alteration in the expression profile of γH2AX induced by ENM has been 

detected by different techniques such as immunohistochemistry, and Western blot. 

Alternatively, γH2AX can be measured by flow cytometry with a number of advantages 

(Sánchez-Flores et al., 2015). It provides an automated high-throughput platform that is fast, 

practical, reproducible, and may take into consideration variations due to cell-cycle effects 

(Watters et al., 2009). Besides, it increases considerably the number of cells evaluated, 

diminishing the variability and enhancing the statistical power of the results (Brzozowska et al., 

2012).  

A well-defined testing protocol for detection and evaluation of structural and numerical 

chromosome aberrations is the micronucleus (MN) test. The in vitro MN test is a simple 

cytogenetic assay based on the scoring of extra nuclear chromatin-containing structures in 

actively dividing cell populations. MN are formed during cell division and may arise from a 

whole lagging chromosome that have been lost during the anaphase (aneugenic event leading to 

chromosome loss) or from an acentric chromosome fragment which is not having a centromere 

to position itself at mitotic spindle, and eventually detaches from a chromosome after breakage 

(clastogenic event) (Botta and Benameur, 2011)(Figure 1.17). These displaced chromosomes or 

chromosome fragments are eventually enclosed by a nuclear membrane and, except for their 

smaller size, are morphologically similar to nuclei after conventional nuclear staining (Fenech et 

al., 2011). 
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Figure 1.17. Representation of MN formation in cells undergoing nuclear division 

(from Fenech et al., 2011). 

MN are nuclear entities independent of the main nucleus, numbering anywhere between 1 

and 6 per cell, with diameter between 1/3 and 1/16 of the diameter of the main nucleus (Botta 

and Benameur, 2011). Traditionally MN have been evaluated by visual scoring under the 

microscope but lately, as it adds the benefits of automated scoring, rapid frequency and low 

time-consuming measurements, flow cytometric method is also used to evaluate MN in genetic 

toxicology testing (Laingam et al., 2008). 

Increased assay sensitivity can be obtained (in the in vitro and ex vivo assays) by 

incubating treated cells with cytochalasin B, which blocks cytoplasm division, but not mitosis 

(nuclear division), so that binucleated cells accumulate. However, this methodology is 

potentially a problem with regards to the study of ENM because cytochalasin B also inhibits 

endocytosis, which is an important cell uptake mechanism for some nanomaterials (Doak et al., 

2009). 

Another consideration about the in vitro MN assay when applied to the hazard assessment 

of ENM is that it is highly advisable to use fluorescent DNA dyes for staining the cells, in order 

to avoid falsely identifying NP agglomerates as MN (Magdolenova et al., 2014). 

1.2.2.4.  Generation of reactive oxygen species 

If cell exposure to NP does not cause a lethal effect, then there are a variety of possible 

adverse sub-lethal effects that they can cause upon the cell. A key mechanism thought to be 

responsible for the genotoxic effects exerted by ENM involves oxidative stress (Singh et al., 

2009). There are numerous assays to evaluate oxidative stress related endpoints. The most 

common are the ones associated with the assessment of ROS generation. 

While oxygen is essential for life, the formation of ROS imposes a threat to cells. ROS 

are normal by-products of aerobic metabolism. All electron transport chains of metabolic 

processes possess the potential to “leak” electrons to oxygen resulting in superoxide formation 

(Cooke et al., 2003). Furthermore, inflammation may accelerate the production of ROS, as they 
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are released from phagocytic cells destined to destroy cells infected with viruses or bacteria 

(Williams et al., 2011). 

Normal cellular homeostasis involves a delicate balance between the rate and amount of 

ROS production and oxidant elimination (Garza et al., 2008). To prevent oxidative damage, 

cellular antioxidants neutralize ROS and they are normally cleared from the cell by the action of 

enzymes (e.g., superoxide dismutase, glutathione peroxidase, and catalase) or antioxidants (e.g., 

ascorbic acid, cysteine, glutathione, carotenoids, and bilirubin) (Wu et al., 2014). But excess of 

free radicals not neutralized by the organism defence system can disturb the homeostasis of the 

intracellular surrounding (L’Azou and Marano, 2011). And when there is an imbalance between 

the generation of ROS and the level of antioxidants within a cell, then the result is oxidative 

stress (Rivera-Gil et al., 2012). This imbalance could be caused by enhanced generation of ROS 

after exposure to an agent or by deficiency of cellular antioxidants, the result of which can be 

the formation of oxidative DNA lesions that may be subsequently fixed as mutations (Doak et 

al., 2012). 

ROS are defined as either ‘primary’ or ‘secondary’. ‘Primary’ ROS can be generated 

through metabolic processes or through the activation of oxygen. That results in the formation 

of a reactive nucleophilic molecule of oxygen, so called superoxide anion radical (O2·-), which 

does not react directly with DNA or polypeptides. However, it may interact with other 

molecules such as redox active transition metals (e.g., iron) or enzymes, resulting in the 

production of ‘secondary’ ROS (e.g., hydroxyl radical, OH·). 

ENM of various kinds are reported to induce ROS and oxidative stress under in vitro and 

in vivo conditions (Geppert et al., 2012; Karlsson et al., 2008; Sharma et al., 2014; Toyooka et 

al., 2012). The transition metals ions (such as cadmium, chromium, cobalt, copper, iron, nickel, 

titanium and zinc) released from certain NP have the potential to cause the conversion of 

cellular oxygen metabolic products, such as H2O2 and superoxide anions, to hydroxyl radicals 

(OH·) via the Fenton-type reaction (Kruszewski et al., 2011), which is one of the primary DNA 

damaging species (Wu et al., 2014). 

In addition to the presence of transition metal catalysts in their composition, the high 

surface area associated with ENM can promote the generation of ROS. Consequently, the 

smaller the NP, the higher the oxidative stress they induce (Brown et al., 2001; Buzea et al., 

2007; Singh et al., 2009). 

In regard to the determination of ROS production, a common parameter used is the 

fluorescent dye/probe 2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA), a reliable 

fluorogenic marker for ROS in living cells. This method assesses the production of ROS via the 

increase in fluorescence. Colourless and non-fluorescent DCFH-DA can passively diffuse into 

cells, and when the acetate groups are cleaved by intracellular esterases DCFH is generated 



Gözde KILIÇ 

32 

(Eruslanov and Kusmartsev, 2010). Oxidation of DCFH by ROS converts the molecule to 

highly fluorescent 2’,7’-dichlorodihydrofluorescein (DCF). Accumulation of DCF in cells can 

be measured by an increase in fluorescence at 530nm when the sample is excited at 485nm. The 

fluorescence signal can be both quantified using flow cytometer analysis and 

spectrofluorimetry, and are assumed to be proportional to the concentration of hydrogen 

peroxide in the cells (Eruslanov and Kusmartsev, 2010). 

To enhance retention of the fluorescent product, various analogues (improved versions of 

DCFH-DA) have been developed (Tiano et al., 2001). Yet, DCFH-DA can only detect cellular 

peroxides efficiently if they are decomposed to radicals, for example, by transition metal ions. 

The chemistry of the conversion is complex and neither H2O2 nor O2- can oxidize DCFH, but 

NO2
˙, carbonate (CO3

˙−) and OH˙radicals can carry out the oxidation (Bilski et al., 2002; 

Eruslanov and Kusmartsev, 2010; Ohashi et al., 2002). This method is extremely advantageous, 

as it not only can be performed via multiple approaches, but can also be used in a cell-free 

environment. This is important, since it provides important information pertaining to the NP 

alone, and thus their ability to cause ROS independent on a cellular environment (Bhattacharya 

et al., 2009; Rivera-Gil et al., 2012). 

Oxidative stress results from an imbalance between oxidant derivatives production and 

antioxidants defences (Le Lay et al., 2014). Therefore in order to obtain a thorough and clear 

understanding of the oxidant-related effects of NP, not only assessment of ROS production but 

also the antioxidant capacity should also be performed. This form of analysis has commonly 

been performed in regard to an assessment of intracellular glutathione (GSH) levels (Rivera-

Gil et al., 2012). 

GSH is a major free thiol in most living cells and is involved in many biological 

processes such as detoxification of xenobiotics, removal of hydroperoxides, and maintenance of 

the oxidation state of protein sulfhydryls. Usually present in cells as GSH (reduced form), it 

exists as oxidized glutathione (GSSG) in an oxidative environment, which can be rapidly 

converted to GSH via an enzymatic reaction using glutathione reductase (Hissin and Hilf, 

1976). Reduced GSH is one of the most important antioxidant defences in the body, and the 

balance between GSH and GSSG provides a good indication of the level of oxidative stress 

(Rosemary M Gibson, 2007). The levels of both GSH and GSSG within cells can be determined 

via commercially available diagnostic kits by either absorbance or fluorescence. 

ROS can directly attack the DNA and generate various modified DNA bases. Among 

these bases, 8-oxoguanine (8-oxoG) is one of the most common DNA lesions resulting from 

ROS and can result in a mismatched pairing with adenine due to G to T and C to A substitutions 

in the genome (Cheng et al., 1992; Cooke et al., 2003). It has been shown that the levels of 8-

oxoG can be used as indicators of oxidative DNA damage after exposure to ENM using the 
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enzyme-modified comet assay (Jacobsen et al., 2008; Kim et al., 2011; Rinna et al., 2015; 

Rubio et al., 2015; Vesterdal et al., 2014). 

In its standard form, the comet assay measures DNA strand breaks and (in the alkaline 

version) alkali-labile sites, i.e. apurinic/apyrimidinic sites (AP-sites) or baseless sugars (Collins, 

2009a). This standard comet assay can be modified to detect oxidized purines or pyrimidines, by 

introducing an incubation of the nucleoids (just after lysis) with DNA repair enzymes. The most 

commonly used commercially available endonucleases in the modified comet assay are the 

bacterial enzymes formamidopyrimidine DNA-glycosylase (FPG) and endonuclease III 

(ENDOIII) which recognize different types of oxidative damage (Smith et al., 2006). FPG is 

specific for oxidized purines, including 8-oxoG, 2,6-diamino-4-hydroxy-5-

formamidopyrimidine (FaPyGua) and 4,6–diamino–5-formamidopyrimidine (FaPyAde) and 

other ring-opened purines. ENDO III recognizes oxidized pyrimidines, including thymine glycol 

and uracil glycol (Collins, 2009b). However, when ENDO III and FPG enzymes were compared 

with the human analogue of FPG 8-oxoguanine DNA glycosylase (OGG1), it showed higher 

substrate specificity than the others (Smith et al., 2006). OGG1 participates in base excision 

repair (BER), the major repair pathway for removal of 8-oxoG from DNA. This enzyme 

catalyses the hydrolysis of 8-oxoG from the DNA backbone, leaving an abasic site in the DNA 

(Singh et al., 2011). 

When using these enzymes to measure oxidative DNA damage with comet assay, the 

usual practice is to incubate microgels with enzyme, in parallel with incubation with the enzyme 

buffer alone (as a control). An increase in DNA damage after incubation with the enzyme, 

compared with the incubation with buffer alone, indicates the presence of oxidized bases 

(Collins, 2014). 
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The rapid development of nanotechnology industries and increased use of nanomaterials 

have arisen concerns associated with uncertainties regarding risks posed by these new materials 

to health and environment; it is therefore necessary to study their possible hazards on human 

health. Especially, considering their unique physicochemical properties, they might reach the 

brain and induce neurotoxicological effects. On this basis, the overall aim of this Thesis was to 

elucidate the toxicological impacts of a set of engineered metal oxide nanoparticles (namely 

titanium dioxide, zinc oxide and iron oxide NP) on human neuronal cells (SH-SY5Y). To this 

aim, a complete set of in vitro cellular and molecular methodologies were applied in order to 

characterize the potential adverse effects of the studied NP and to identify their underlying 

modes of action. 

This main goal will be achieved by the following specific objectives: 

 To characterize the candidate NP by defining different physicochemical properties 

including size, morphology, agglomeration state, zeta potential, metal ion release, etc. that may 

influence their toxicity pattern. 

 To investigate the internalisation behaviour of the different metal oxide NP by human 

neuronal cells.  

 To evaluate the cellular toxicity profile of the metal oxide NP on human neuronal cells in 

terms of analysing viability, cell cycle, apoptosis/necrosis death, and membrane integrity. 

 To assess direct and indirect genotoxicity outcomes induced by the metal oxide NP on 

SH-SY5Y cells, namely primary DNA damage and MN production, H2AX histone 

phosphorylation, generation of oxidative stress and DNA repair alterations. 

This thesis will be divided into three sections. In the first section (Chapter 3), details on 

the toxicity investigation of two types of titanium dioxide NP (TiO2-NP) with different 

crystalline structure on human neuronal cells will be discussed. The second section (Chapter 4) 

is dedicated to the potential toxicity of zinc oxide NP (ZnO-NP) and, finally, the third section 

(Chapter 5) illustrates reactivity of silica-coated iron oxide NP (S-ION) on the same cultured 

cell line. 
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3.1.  INTRODUCTION 

Nanotechnology has been showing a significant impact on almost all industries and areas 

of society (Karmakar et al., 2014). Metal and metal oxide NP are often used as industrial 

catalysts or to improve product functional properties (Sarkar et al., 2014a). Among the 

manufactured metal oxide NP, titanium dioxide NP (TiO2-NP) are the earliest industrially 

produced nanomaterials (Baan et al., 2006) and, according to the U.S. National Nanotechnology 

Initiative, these NP are one of the most highly manufactured ENM in the world (Khan et al., 

2015). 

 Titanium, the ninth most abundant element in the earth crust (Fang et al., 2013), is found 

in a wide variety of minerals, rocks, water bodies and soils. Because it reacts easily with oxygen 

and carbon at high temperatures, titanium metal is relatively uncommon and it naturally occurs 

as titanium dioxide [also known as titanium (IV) oxide, titanic acid anhydride, titania, titanic 

anhydride, or titanium white], with chemical formula TiO2. 

TiO2 is a white non-combustible and odourless powder which resists fading in sunlight, 

and due to its properties of absorption and reflection of ultraviolet (UV) light is very opaque 

(Winkler, 2003). Hence, this naturally occurring mineral is widely used as a bright white 

pigment for paints, in the food industry as a colouring, and in sunscreens and cosmetics. 

Approximately four million tons of this pigment are consumed annually worldwide (Ortlieb, 

2010). 

TiO2 exists in nature in three different crystalline phases (anatase, rutile, and brookite); 

yet, only anatase and rutile are of industrial interest. Stable phase rutile structure contains 

titanium atoms occupying the centre of a surrounding core composed of six oxygen atoms, 

placed approximately at the corners of a quasi-regular octahedron (Diebold, 2003), as shown in 

the Figure 3.1.  

 

Figure 3.1. TiO2 rutile crystalline structure (from 

www.chemtube3d.com/solidstate/_rutile%28final%29.htm) 
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Anatase structure is tetragonal, with two TiO2 formula units (six atoms) per primitive cell 

as shown in Figure 3.2 (Diebold, 2003). TiO2 anatase converts to rutile generally at 

temperatures above 700°C (Lin et al., 2008a). Thus, anatase and rutile phases strongly depend 

on thermal treatment conditions. 

 

Figure 3.2. TiO2 anatase crystalline structure (from 

http://www.chemtube3d.com/solidstate/_anatase%28final%29.htm). 

The photocatalyst TiO2 captures UV light and forms activated oxygen from water or 

oxygen in the air. This process is similar to photosynthesis, in which chlorophyll captures 

sunlight to transform water and carbon dioxide into oxygen and glucose. The activated oxygen 

formed is strong enough to oxidize and decompose organic materials and is even strong enough 

to kill bacteria (Ortlieb M, 2010). Thus, TiO2-NP show antibacterial effect against Escherichia 

coli, Staphylococcus epidermidis, Streptococcus pyogenes, Streptococcus mutans and 

Enterococcus faecali up to two hours post UV (Cai et al., 2013). Industrial utilization of the 

photocatalytic effect of TiO2-NP has also found its way into other applications, especially for 

self-cleaning and anti-fogging purposes such as self-cleaning tiles, self-cleaning windows, self-

cleaning textiles, and anti-fogging car mirrors (Montazer and Seifollahzadeh, 2011). 

TiO2-NP are among the top five NP used in consumer products, paints and 

pharmaceutical preparations (Shukla et al., 2011). In daily use, it can be found nearly 

everywhere - in paints, coatings, plastics, papers, inks, medicines, pharmaceuticals, cosmetics, 

and personal hygiene products such as toothpaste (Kaida et al., 2004; Wolf et al., 2003). It has 

even been used as a pigment to whiten skim milk (CCOHS, 2009), and approved as a food 

colour additive and food contact substance in food packaging by the United States Food and 

Drug Administration (FDA, 2014). 

Human exposure to TiO2-NP may occur during both manufacturing and use of products 

containing these NP. They can be encountered as aerosols, suspensions, or emulsions. The 

major exposure routes to TiO2-NP that have toxicological relevance in the workplace are 

inhalation and dermal exposure (Shi et al., 2013). Exposure may also result from intentional use 

of certain manufactured NP. In the field of nanomedicine, TiO2 has long been used as a 

component for articulating prosthetic implants, especially for the hip and knee because of its 
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high stability and anticorrosive properties (Diebold, 2003). The use of TiO2-NP in sunscreen 

creams to improve the spreading quality of the cream on the skin and protect against the sun UV 

radiation leads to the dispersal of these NP in water when people bathe (Baeza-Squiban and 

Lanone, 2011). TiO2-NP are also widely used for toothpaste, food colorants, and nutritional 

supplements; thus oral exposure may occur during use of such products (Weir et al., 2012). 

With the rapid increase in the number of nano-related products and common use of TiO2-

NP in everyday life, comes an increasing concern about their safety to humans and the 

environment. The rapid growth in the number of published studies confirms that there is a high 

level of interest concerning the safety of TiO2-NP. Many in vitro studies showed that TiO2-NP 

were cytotoxic (Hamzeh and Sunahara, 2013; Setyawati et al., 2013) and genotoxic (Jugan et 

al., 2012; Prasad et al., 2013a; Toyooka et al., 2012), led to apoptosis (Botelho et al., 2014; 

Ghosh et al., 2013; Lagopati et al., 2014; Vamanu et al., 2008; Wang et al., 2014b), induced 

ROS (Gao et al., 2015; Magdolenova et al., 2012a; Niska et al., 2015) and DNA damage (Demir 

et al., 2015; Kansara et al., 2014; Magdolenova et al., 2012a; Petersen et al., 2014; Setyawati et 

al., 2015; Ursini et al., 2014), and changed enzyme activities (Armand et al., 2013; Becker et al., 

2014; Takaki et al., 2014; Wan et al., 2008) and gene expression (Chen et al., 2014b; 

Orazizadeh et al., 2014; Periasamy et al., 2015; Prasad et al., 2013a; Tuomela et al., 2013) in 

different cell lines. 

However, there are also studies showing lack of TiO2-NP toxicity. Du et al. (2012) 

reported that there were no significant changes in ROS, GSH, 8-hydroxy-2’-deoxyguanosine (8-

OHG), or OGG1 levels when human embryo hepatocytes L02 cells were treated with TiO2-NP. 

Similarly, Woodruff et al. (2012) found that TiO2-NP were not genotoxic under the conditions 

of the Ames test and comet assay in TK6 cell line; there was no significant primary or oxidative 

DNA damage observed. Similarly, a chronic (60 days) study with Chinese hamster ovary , CHO 

cells showed no cytotoxic or genotoxic effects by TiO2-NP (Wang et al., 2011a). 

Furthermore, in vivo studies showed that once TiO2-NP enter the body at the initial site of 

exposure, they are absorbed through the gastrointestinal tract, the skin and the pulmonary 

system. Once they reach the systemic circulation, they potentially interact with plasma proteins, 

coagulation factors, platelets, and red or white blood cells. The systemic circulation can 

distribute these NP to all organs and tissues in the body (Shi et al., 2013). More recently, it was 

even shown that the NP (8nm) are transferred from mother to pups through breastfeeding, after 

four intravenous administrations of TiO2-NP (anatase) of different sizes (8nm, 50nm) to 

lactating female CD-1 mice (Zhang et al., 2015).  

In concordance with in vitro experiments, Numano et al. (2014) compared the in vivo 

toxic effects induced by anatase and rutile TiO2-NP by treating rats with NP suspensions by 

intra-pulmonary spraying. As a result, treatments increased alveolar macrophage numbers and 

levels of 8-oxoG in the lungs; yet these increases were lower in the anatase-treated group 
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compared to the rutile-treated group. Likewise, TiO2-NP (99.7% anatase) induced oxidative 

stress and DNA damage in mice liver cells after oral exposure (Shukla et al., 2013). Similarly, 

Sang et al. (2014) reported decrease in the levels of protein expression involved in immune 

responses, lymphocyte healing and apoptosis in the spleen of mice following intragastric 

exposure to pure anatase TiO2-NP. When Trouiller et al. (2009) treated C57Bl/6J wild-type 

mice with TiO2-NP (75% anatase and 25% rutile) in drinking water, they found out that TiO2-

NP induced 8-OxoG, -H2AX foci, MN, and DNA deletions in peripheral blood of mice. 

However, there are also in vivo studies showing lack of TiO2-NP toxicity. For instance, 

Naya et al. (2012) did not find significant apoptosis induction in rat lung cells following 

intratracheal instillation of TiO2-NP. Negative responses were also shown in reticulocytes (MN 

test) and in leukocytes (comet assay) of bone marrow cells of rats following intravenous 

injection of TiO2-NP (Dobrzyńska et al., 2014). More recently, Elgrabli et al. (2015) showed 

absence of toxicological effects on lungs, blood, liver, spleen and kidneys of male Sprague-

Dawley rats after TiO2-NP (anatase) intravenous injection at concentrations of 7.7 to 9.4mg/kg. 

It is also well documented that TiO2-NP could easily cross the blood-brain barrier (BBB), 

reside in the central nervous system (CNS) and produce damage to the barrier integrity (De Jong 

and Borm, 2008; Shrivastava et al., 2014; Xue et al., 2012; Ze et al., 2014a; Zhang et al., 2011). 

For example, TiO2-NP could be observed in the brain following 60 days dermal exposure to 

hairless mice, i.e., they could penetrate the skin and were found in the brain (Wu et al., 2009). 

Also, Ze et al. (2014a, 2014b) showed titanium accumulation in the hippocampus and 

neuroinflammation in mice following daily intranasal exposure to TiO2-NP for 90 days. 

Likewise, a significant increase in the bioaccumulation of TiO2-NP in brain and ROS 

production was observed following intravenous injection to Wistar rats (Meena et al., 2015) and 

intraperitoneal injection to ICR mice (Ma et al., 2010), which caused in both studies oxidative 

stress and injury of the brain, and in turn inhibition of the normal metabolism of 

neurochemicals. 

Furthermore, several in vitro studies performed in neuronal cell lines reported that TiO2-

NP induced some levels of neurotoxicity in rat brain microglia (Long et al., 2006, 2007; Sheng 

et al., 2014,2015) human U87 astrocytoma cells (Lai et al., 2008), and rat PC12 cells 

(Hernández et al., 2015; Liu et al., 2010; Wu et al., 2010a). 

Even though studies have illustrated that TiO2-NP, could settle in the brain tissue of 

rodents, and induce adverse effects, to our knowledge there are limited data indicating the 

possible effects of TiO2-NP on human neuronal cells. Let alone, there are no studies examining 

effects of particle variations from the same crystal structure or different crystal structures with 

the same particle size on the neurotoxicity of TiO2-NP. 
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Neurons are the core components of CNS, which are crucial for the maintenance of CNS 

function, and the irreversible degeneration of neurons plays an essential role in some 

neurodegenerative diseases including Hallervorden–Spatz syndrome, Parkinson’s disease and 

Alzheimer’s disease (Pettmann and Henderson, 1998). The possibility that neurons in CNS 

might be targeted by TiO2-NP has increased the potential risks in developing neurodegenerative 

diseases (Migliore et al., 2015). Therefore, it is immensely needed to carry out new 

investigations dealing with the adverse effect of TiO2-NP on human neuronal cells. 

Furthermore, although the principal parameters determining toxicity of NP are their 

physicochemical properties, including shape, size, surface characteristics and inner structure, 

Sayes et al. (2006) reported that surface characteristics may be a less important factor than 

phase composition in the toxicological responses of TiO2. It has been suggested that anatase has 

a greater toxic potential than rutile (Petković et al., 2011; Xue et al., 2010) due to its higher 

catalytic activity, which would determine its potential to dissociate water to hydroxyl radicals 

(Monteiro-Riviere et al., 2007). Based on this fact, it is important to characterize carefully the 

physicochemical properties of TiO2-NP and to consider the influence of their crystalline 

structure on their bioactivity when evaluating adverse health effects and environmental 

biosafety. 

In the present study, we investigated whether TiO2-NP could cause adverse cytotoxic and 

genotoxic effects on human neuronal cells, interpreted the routes of biological impacts, and 

elucidated the possible molecular mechanisms. Furthermore, by comparing TiO2-NP with two 

different crystalline structures, we explored how this feature may influence their interaction 

with the neuronal cells under diverse in vitro conditions. 

3.2.  MATERIALS AND METHODS 

3.2.1.  Nanoparticles: preparation and characterization 

The NP used in this study were TiO2-NP with two different crystalline structures: NP in 

pure anatase structure were purchased from Sigma–Aldrich Co. (TiO2-S) and anatase:rutile 

(80:20) were obtained from Degussa-Evonik (TiO2-D). The manufacturers’ specifications by 

transmission electronic microscopy (TEM) indicated the average primary particle size of both 

types of NP as 25nm. They were obtained as white powders and suspended in either deionized 

water or complete cell culture medium at a final concentration of 150µg/ml. Before their 

physicochemical characterization and each toxicity test, the NP suspension was dispersed by 

probe ultra-sonication (Branson Sonifier, USA) at 30W for 5min (1.5min on and 1min off twice, 

and 2min on) in a plastic test tube surrounded by ice. 
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Average hydrodynamic size, size distribution and zeta potential of the TiO2-NP in 

deionized water and cell culture medium were determined using dynamic light scattering (DLS) 

and mixed mode measurement phase analysis light scattering (M3-PALS) in a Zetasizer Nano-

ZS, Model ZEN3600 equipped with 4.0mW, 633nm laser (Malvern instruments Ltd.). 

3.2.2.  Cell culture and treatments 

Human neuroblastoma SH-SY5Y cell line was purchased from the European Collection 

of Cell Cultures. Cells were cultured in nutrient mixture EMEM/F12 (1:1) medium 

supplemented with 10% heat-inactivated foetal bovine serum (FBS), 1% antibiotic and 

antimycotic solution, with 1% non-essential amino acids. All ingredients were obtained from 

Invitrogen. Cells were incubated in a humidified atmosphere with 5% CO2 and 37oC. 

Particle exposure experiments were performed using flat bottom 96-well plates. Cells 

were seeded in the plates at 2-5x104 cells/well, and allowed to adhere at 37ºC for 24h. Upon 

reaching near confluency, cell culture medium was removed and cells were exposed to fresh 

culture medium containing different concentrations of TiO2-NP, a positive control and a 

negative control for each experiment. Complete medium was used as negative control in all 

cases, whereas camptothecin (Campt, 10µM), mitomycin-C (MMC, 1.5µM), bleomycin (BLM, 

1µg/ml), diethyl maleate (DEM, 2µl/ml) or H2O2 (2µM for 3h treatments, and 1µM for 6h 

treatments) were used as positive controls in cytotoxicity, genotoxicity or oxidative damage 

assays. 

3.2.3.  Cellular viability 

Cell viability was assessed by means of 3-(4,5-dimethyldiazol-2-yl)-25diphenyl-

tetrazolium bromide (MTT) assay, based on the mitochondrial conversion of MTT, following 

the protocol of Mosmann,(1983). Briefly, cells were seeded in 96-well plates. After 24h, cell 

culture medium was removed and cells were exposed to 100μl of TiO2-NP at a total of seven 

concentrations (20–150µg/ml) and three exposure times (3, 6 and 24h) in cell culture medium. 

Then the supernatant was removed and cells were incubated with 100µl fresh medium and 10µl 

MTT solution (5mg/ml) for 3h at 37°C. The formazan (dark purple) was then solubilized with 

200μl of dimethylsulfoxide (DMSO), and the absorbance was measured at 595nm using a 

Cambrex ELx808 microplate reader equipped with a kinetic analysis software (Biotek, KC4). 

The untreated sets and positive controls were also run in parallel under identical conditions. 

Neutral red uptake (NRU) assay was carried out following the protocol described by 

Borenfreund and Puerner,(1985) to determine cell viability. Cells were seeded in 96 well plates 

and are allowed to adhere for 24h. Next, the medium was aspirated and cells were incubated at 

37ºC with seven concentrations of TiO2-NP range in the range 20-150µg/ml for three exposure 
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times (3, 6 and 24h) in cell culture medium. After the incubation medium was aspirated, cells 

were washed twice with phosphate buffer solution (PBS); then they were incubated for 3h in 

culture medium supplemented with neutral red (50µg/ml). Cells were subjected to further 

incubation for 20min at 37ºC in a mixture of acetic acid (1%), ethanol (50%) and water (49%) 

to extract the dye, and the absorbance at 540nm was measured using a Cambrex ELx808 

microplate reader equipped with a kinetic analysis software (Biotek, KC4). The untreated sets 

and positive controls were also run parallel under identical conditions. 

The percentage of cellular viability proportional to mitochondrial function and uptake of 

neutral red were calculated relative to untreated cells. The possible interference of TiO2-NP with 

the dyes used in MTT and NRU assays was tested by measuring their reactivity with TiO2-NP in 

the absence of cultured cells. There are various ways in which the TiO2-NP may interfere with 

the MTT and NRU based cytotoxicity assays. Therefore, the interference test was designed to 

assess whether TiO2-NP scatter or absorb light or interfere with the dyes used in those assays. In 

a 96-well plate either 100µl of cell culture medium or cell culture medium containing TiO2-NP 

were added to the wells (without cells) and MTT and NRU experiments were conducted as 

described above. Data obtained demonstrated no interference between the TiO2-NP tested and 

the dyes used for cytotoxicity assessment. 

From the results obtained in the viability experiments, two periods of exposure (3 and 6h) 

and three different concentrations of each TiO2-NP (80, 120 and 150µg/ml) were selected to 

perform the following experiments. 

3.2.4.  Cellular uptake 

The potential of the TiO2-NP to enter the cells was evaluated by following the protocol 

described by Suzuki et al. (2007). Cells were seeded in 96-well cell culture plates. After 24h of 

seeding, the cells were exposed to TiO2-NP (80, 120 and 150µg/ml) for 3 and 6h. After 

exposure, the culture medium containing NP was removed and cells were harvested using 

0.025% trypsin. They were then centrifuged at 250xg for 5min. The supernatant was discarded 

and the pellet was re-suspended in 0.5ml PBS. The amount of NP taken up by the cells was 

analysed using a FACSCalibur flow cytometer (Becton Dickinson). 

In flow cytometry (FCM), the laser beam (488nm) illuminates cells in the sample stream, 

which go through the sensing area. As mentioned previously in Chapter 1, the laser light 

scattered at narrow angles to the axis of laser beam is called forward-scatter(ed) (FSC) light. 

The laser light scattered at about a 90º angle to the axis of the laser beam is called side-

scatter(ed) (SSC) light. The analysis was carried out based on the size and the intracellular 

complexity of the cells by measuring the FSC and the SSC, respectively. Data were acquired 

from a minimum of 104events per sample using Cell Quest Pro software (Becton Dickinson). 
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3.2.5.  Cell cycle 

In order to examine the cell distribution along the different phases of the cell cycle, the 

relative cellular DNA content was evaluated by means of FCM as previously described 

Valdiglesias et al. (2011a). Specifically, after treatments with each TiO2-NP or positive control 

(MMC, final concentration 1.5µM), cells were trypsinized and suspended in PBS. Then cells 

were centrifuged, washed with PBS and fixed with cold (-20oC) 70% (V/V) ethanol. Then, fixed 

cells were stored overnight at 4oC. Next, for analysis, cells were centrifuged, and re-suspended 

in PBS containing 0.1mg/ml RNase A and 50mg/ml propidium iodide (PI) and incubated at 

37oC in the dark for 30min. 

Samples were kept in ice prior to analysis. The analysis was performed using a 

FACSCalibur flow cytometer (Becton Dickinson). A minimum of 104 events were acquired, and 

the DNA content was assessed from the PI signal detected by the FL2 detector. In order to 

obtain information on the percentage of cells at G0/G1, S and G2/M regions, cell cycle 

histograms were evaluated using Cell Quest Pro software (Becton Dickinson).  

3.2.6.  Apoptosis 

3.2.6.1.  Annexin V-FITC/PI staining 

Annexin V-fluorescein isothiocyanate (FITC)/PI double staining was carried out with BD 

Pharmingen™ Annexin V-FITC apoptosis detection kit I (Becton Dickinson), following the 

manufacturer’s protocol using FCM. Contents of the kit are as follows: (i) annexin V-FITC 

conjugate: 50µg/ml in 50mM Tris-HCl, pH 7.5, containing 100mM NaCl; (ii) PI solution: 

100µg/ml in 10mM potassium phosphate buffer, pH 7.4, containing 150mM NaCl; (iii) 10X 

binding buffer: 100mM HEPES/NaOH, pH 7.5, containing 1.4M NaCl.  

After treatments with TiO2-NP or Campt 10µM as positive control, cells were harvested 

with 0.025% trypsin, suspended in PBS and centrifuged at 300xg for 5min at room temperature. 

After centrifugation, supernatant was removed and pellet was re-suspended in 200µl of 1X 

binding buffer, and 5μl of annexin V-FITC and 5μl of PI were added to each sample; then the 

samples were incubated at room temperature in the dark for 15min. Analysis was done 

immediately using a FASCalibur flow cytometer (Becton Dickinson). Events for annexin V-

FITC were recorded from FL1, and events for PI were taken from FL2. Data were acquired 

from a minimum of 104 events per sample using Cell Quest Pro software (Becton Dickinson). 

Early apoptosis was expressed as percentage of annexin V+/PI cells. 
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3.2.6.2.  Mitochondrial membrane potential analysis  

Mitochondrial membrane potential (MMP) was detected with the fluorescent probe 

5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolcarbocyanine iodide (JC-1; Molecular 

probes). using FCM following the protocol described by Sharma et al. (2012). JC-1 exists 

predominantly in green fluorescent monomeric form in cells with depolarized mitochondria and 

in reddish orange aggregate form in cells with polarized mitochondria. 

Cells exposed to TiO2-NP or Campt 10µg/ml as positive control, were harvested with 

0.025% trypsin and centrifuged at 300xg for 5min at room temperature. Supernatant was 

discarded, and the pellet was re-suspended in cold PBS and centrifuged again at 300xg for 

5min. Cells were incubated with 10µM JC-1 dye for 15min at 37ºC, washed with PBS and re-

suspended in 500µl PBS. Lastly, a minimum of 104 events were acquired with a FACSCalibur 

flow cytometer (Becton Dickinson), fluorescence exhibited from JC-1 monomers was measured 

in the FL1 channel, and from JC-1 aggregates was measured in the FL2 channel; data were 

analysed using Cell Quest Pro software (Becton Dickinson). 

3.2.7.  Genotoxicity 

3.2.7.1.  Micronucleus evaluation by flow cytometry 

Micronucleus (MN) frequency was evaluated by FCM following the protocols reported 

by Nüsse et al. (1994); Roman et al. (1998) with some modifications (Valdiglesias et al., 

2011b). After the predetermined exposure of cells to each type of TiO2-NP and positive control 

MMC (1.5μM), cell culture medium was removed and cells were cultured for an additional 

period of 24h in fresh medium. Then, cells were trypsinized at 0.025% and suspended in PBS. 

After centrifugation, the supernatant was removed and 0.25ml cold solution (4ºC) containing 

NaCl (10mM), trisodium citrate (1g/l), and nonidet P40 (0.3mg/l) was added to each tube 

alongside 5µl of 50mg/ml PI and 1.25µl of 0.1mg/ml RNase A. After the incubation of samples 

in the dark at room temperature for 15 min, a second solution consisting of citric acid (1.5mg/l) 

and sucrose (0.25M) was added and incubated for 30min. The final suspension of nuclei and 

MN was analysed with a FACSCalibur flow cytometer (Becton Dickinson). PI-associated 

fluorescence emission was collected in the FL2 channel. The incidence of FCM-scored MN was 

expressed as frequency percent and was based on the acquisition of at least 5x104 events. 

3.2.7.2.  γH2AX assay 

The evaluation of H2AX histone phosphorylation was performed following the general 

protocol proposed by Tanaka et al. (2009). After the exposure to each type of TiO2-NP and 
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positive control (Campt 10μM), cells were trypsinized at 0.025% and suspended in PBS. After 

centrifugation and removal of supernatant, cells were incubated with 1% p-formaldehyde for 

15min at 4ºC. Then, the samples were centrifuged and the supernatant was removed. Next, 

samples were incubated overnight at 4ºC with 1ml of cold (-20ºC) ethanol 70%. The following 

day, samples were washed with PBS and 100µl anti-γH2AX antibody labelled with Alexa 

Fluor® 488 [1:20, 1% bovine serum albumin (BSA) in PBS] was added and incubated for 15min 

at room temperature. Next, samples were washed in PBS, supernatant was removed, and 500µl 

PBS containing PI (40µg/ml) and RNase A (0.1mg/ml) were added and incubated for 30min at 

room temperature. Finally, a minimum of 104 events were acquired with a FACSCalibur flow 

cytometer (Becton Dickinson). Data obtained from Alexa Fluor 488 (FL1) and PI (FL2) were 

analyzed using Cell Quest Pro software (Becton Dickinson). 

3.2.7.3.  Comet assay 

After treatments with both TiO2-NP and the positive control (BLM 1µg/ml) the alkaline 

comet assay was performed following the general protocol proposed by Singh et al. (1988). 

Briefly, after collecting cells by trypsinization at 0.025%, they were suspended in 100µl of 0.7% 

low-melting-point agarose (LMA) in PBS (pH 7.4). Then cells were dropped as two drops onto 

a slide that was previously pre-coated with a 1% layer of normal melting point agarose (NMA), 

and covered with coverslips. Slides were placed on ice for 4 min and, after the second layer of 

agarose solidified, coverslips were removed and slides were immersed in freshly prepared lysis 

solution (2.5M NaCl, 100mM Na2EDTA, 10mM Tris-HCl, 250mM NaOH, pH 10, and 1% 

triton X-100 added just before use) for 1h at 4°C in the dark. 

After the lysis step, slides were placed on a horizontal electrophoresis tank 

(420x300x90mm) in an ice bath. Then, the tank was filled with freshly made alkaline 

electrophoresis solution (1mM Na2EDTA, 300mM NaOH, pH 13) and left in the dark for 20min 

to allow DNA unwinding. Later, electrophoresis was carried out for 20min at 30V and 300mA 

(0.83V/cm). Slides were then washed three times for 5min with neutralizing solution (0.4M 

Tris–HCl, pH 7.5). Following neutralization, slides were left to air-dry in the dark, and stained 

with 60μl of 4,6-diamidino-2-fenilindol (DAPI), The preparations were kept in a humidified 

sealed box to prevent drying of the gel and analysed within 48h. 

Image capture and analysis were performed using the comet IV software (Perceptive 

Instruments). In all cases, 50 cells were scored from each replicate drop (i.e. 100 cells in total), 

and percentage of DNA in the comet tail (%tDNA) was used as DNA damage parameter. 
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3.2.8.  Oxidative damage 

3.2.8.1.  Oxidative DNA damage 

By following the protocol described by Smith et al. (2006), a modified version of the 

alkaline comet assay was performed in order to evaluate the oxidative DNA damage, 

specifically the presence of 8-oxoG, by incubating with the human 8-oxoG DNA glycosylase 

(OGG1) repair enzyme. For each experimental condition, two slides were prepared. After the 

lysis step, slides were washed with buffer (pH 8) composed of EDTA (0.5mM), BSA 

(0.2mg/ml), KCl (0.1M) and Hepes (40mM). Then, the slides were separated into two groups 

and treated with either 50μl of OGG1 (0.0016U/μl buffer) or 50μl of buffer, covered with 

coverslips and incubated at 37ºC for 10min. After this incubation, coverslips were removed and 

slides were processed as in the standard alkaline comet assay, described in the precedent 

section, and 100 cells per condition were scored to determine %tDNA. For each experimental 

situation, slides incubated with enzyme were compared with slides incubated with just buffer to 

measure the quantity of oxidative DNA damage. 

3.2.8.2.  Glutathione determination 

Determination of reduced (GSH) and oxidized (GSSG) forms of glutathione was based on 

the glutathione recycling method described before (Shaik and Mehvar, 2006). In this reaction, 

GSH reacts with 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) to form the disulfide GSTNB and 

the yellow-coloured compound 5-thio-2-nitrobenzoic acid (TNB). The disulfide product 

(GSTNB) is then reduced by glutathione reductase (GR) in the presence of NADPH, recycling 

GSH back into the reaction. The rate of formation of TNB, measured at 405 nm, is proportional 

to the concentration of GSH in the sample. This method also quantitates GSSG because GSSG 

is reduced by GR, present in the reaction mixture, to two molecules of GSH. The method was 

used for determination of total (GSH plus GSSG) and oxidized (GSSG) glutathione by 

subjecting to the recycling reaction the samples either untreated or treated with the thiol 

masking agent 1-methyl-2-vinyl-pyridinium (M2VP, which completely masks GSH), 

respectively.  

After treatment with TiO2-NP or the positive control (DEM 2µl/ml, suspended in 

medium), cells were scraped and homogenized in ice-cold 5% sulfosalicylic acid (SSA). 

Resulting supernatant after centrifugation (8000xg for 5min) was separated and stored at -20ºC 

for further analysis. For determination of total glutathione, the supernatant was consecutively 

diluted using SSA 5% (1:2), sodium carbonate 400mM (1:4) and sodium phosphate-EDTA 

(100mM Na3PO4; 1mM EDTA) buffer (1:32) before analysis. For GSSG measurement, samples 

were treated with M2VP (0.3mM) and further diluted (1:4) in sodium carbonate (400mM). 
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Standards (0.5-5ng/µl as GSH equivalent) were prepared daily by diluting a GSH stock 

solution (10ng/μl) in 200mM sodium carbonate-2.5% SSA buffer. Standards and diluted 

supernatants (20µl), prepared as described above, were transferred to a 96-well microplate. 

Subsequently, 170µl of the recycling reagent [NADPH 0.40mM and GR 1.9U/ml in a sodium 

phosphate-EDTA buffer (100mM Na3PO4; 1mM EDTA)] were added. After 10min of 

incubation, 10µl of DTNB (4.5mM) were added and colour development was immediately 

recorded at 405nm for 20min (readings were carried out every two minutes) using a Cambrex 

ELx808 microplate reader equipped with kinetic analysis software (Biotek, KC4). 

The rate of TNB formation, which is proportional to the concentrations of GSH or GSSG 

in the sample, was determined by linear regression analysis of the change in absorbance of the 

sample at 405nm versus time (ΔA/min). The ΔA/min values for individual standards were then 

plotted against the standard concentrations, and the parameters of the standard curve were 

determined using linear regression analysis. Total and reduced glutathione concentrations were 

determined from their respective standard curves following linear regression analysis and then 

normalized to total protein. The GSH:GSSG ratio was calculated by dividing the difference 

between the total glutathione and GSSG concentrations by the concentration of GSSG. 

For protein determination, 5µl of sample pellet diluted in NaOH 0.05N was added to 

250µl of Bradford reagent and absorbance was read at 595nm after 5min of incubation. Protein 

concentration was determined using a BSA standard curve (0.125-1.0mg/ml). 

3.2.9.  Statistical analysis 

A minimum of three independent experiments were performed for each experimental 

condition tested, always in duplicate and under blind conditions. Statistical analyses were 

carried out by using SPSS for Windows statistical package (version 21.0). Experimental data 

were expressed as mean ± standard error. Distribution of the response variables departed 

significantly from normality (Kolmogorov–Smirnov goodness of fit test) and therefore non-

parametric tests were considered adequate for the statistical analysis of these data. Differences 

between groups were tested with Kruskal–Wallis test and Mann–Whitney U-test. The 

associations between two variables were analysed by Spearman´s correlation. P value lower 

than 0.05 was considered significant in all cases. 

3.3.  RESULTS AND DISCUSSION 

Titanium dioxide nanoparticles (TiO2-NP) are one of the most frequently used NP in 

industrial applications, ranging from paints to ceramics and from food to cosmetics. Therefore, 

investigation of risks associated with occupational exposure to TiO2-NP is of vital interest. The 

International Agency for Research on Cancer (IARC) has classified TiO2 as possibly 
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carcinogenic to humans (group 2B), based on sufficient evidence in experimental animals and 

inadequate evidence from epidemiological studies (IARC, 2010). Besides, even though the 

accumulation of two crystalline phases of TiO2-NP (80nm rutile, and 155nm anatase; purity 

>99%) in female mice brain after intranasal instillation was reported Wang et al. (2008), the 

neurotoxic potential of these NP has only recently been examined.  

Despite studies regarding neurotoxicity of TiO2-NP are very limited, these NP were 

already shown to induce important neurotoxic effects at the cell and tissue levels in in vitro 

studies with cultured human and rodent cells (Huerta-García et al., 2014; Lai et al., 2008; Long 

et al., 2006; Márquez-Ramírez et al., 2012; Wu et al., 2010; Xue et al., 2012), as well as in in 

vivo studies (Mohammadipour et al., 2014; Shrivastava et al., 2014; Zhang et al., 2011). 

Furthermore, several neurophysiological symptoms, including passive behaviour, loss of 

appetite, tremor, and lethargy have been described in mice after TiO2-NP administration (Chen 

et al., 2009). However, to our knowledge, this was the first study dealing with the potential toxic 

effects of TiO2-NP on human neuronal cells, and also the first one in evaluating the toxicity of 

these NP at genetic level in any neuronal system. 

TiO2-NP were selected to perform this study because of two main reasons: (i) exposure to 

these NP by different routes, mainly dermal and inhalatory, is very frequent and extremely easy 

since they are highly employed as nanomaterials in common consumer products; and (ii) the 

techniques used for their synthesis have recently matured to the stage that we can produce 

differently sized and shaped NP on demand, so evaluation of their toxicological properties is 

imperative. Moreover, two different types of TiO2-NP were chosen to carry out the toxicity 

testing in order to determine the influence of crystalline structure on the cellular effects of these 

NP. 

The SH-SY5Y neuroblastoma cell line was selected as neurotoxicological cell model 

since they are human derived and express a number of human-specific proteins and protein 

isoforms that would not be inherently present in rodent primary cultures, which has afforded 

them numerous benefits in the field of neuroscience research and neurotoxicological studies 

(Kovalevich and Langford, 2013). Both, undifferentiated and differentiated SH-SY5Y 

neuroblastoma cells have been previously utilized for in vitro experiments requiring neuronal-

like cells (Asci et al., 2013; Coccini et al., 2014; Li et al., 2014; Maddirala et al., 2015; Martins 

et al., 2013; Olivieri et al., 2001). 

3.3.1.  Nanoparticle characterization 

Physicochemical characterization of NP is regarded as important for their in vitro 

toxicity. Table 3.1 shows the description and characterization data of the TiO2-NP used in this 

study. Information on NP size evaluated by TEM (25nm for both NP) and specific surface area 
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were both provided by the commercial suppliers while behaviour of TiO2-NP in water and cell 

culture medium was evaluated by DLS in order to understand the extent of agglomeration and 

hydrodynamic size of these NP before cellular exposure.  

Table 3.1. Characterization of TiO2-NP. 

NP 
Crystalline 

phase 

Particle 

sizea (nm) 

Specific 

surface areaa 

(m2/g) 

Hydrodynamic 

diameter (nm) (DLS)

Zeta potential 

(mV)  (DLS) 

Water Medium Water Medium

TiO2-S 100% anatase 25 (TEM) 200-220 447.9 504.5 -9.96 -10.7

TiO2-D 
80% anatase 

20% rutile 
25 (TEM) 35-45 160.5 228.3 -27.8 -10.7 

TEM: Transmission Electronic Microscopy, DLS: Dynamic Light Scattering 
a Provided by the commercial supplier 

 

DLS is widely used to determine the size of brownian NP in colloidal suspensions in the 

nano and submicron ranges (Saquib et al., 2012). The average hydrodynamic particle diameters 

in medium were slightly higher both for TiO2-S (504.5nm) and TiO2-D (228nm) as compared to 

deionized water (447.9 and 160.5nm, respectively), which indicates relatively higher NP 

aggregation in medium as compared to water due to limited colloidal stability. The presence of 

variable sized TiO2-NP aggregates in cell culture medium corroborates well with earlier reports 

(Janer et al., 2014; Saquib et al., 2012; Singh et al., 2007).The size distribution graphs obtained 

by DLS showed a good dispersion of both NP in water and in medium (Figure 3.3).  

a)

c)

b)

d)

 

Figure 3.3. Size distribution of TiO2-S (a) and TiO2-D (b) in water, and TiO2-S (c) and 

TiO2-D (d) in cell culture medium. 
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Despite having small differences in the water suspension, zeta potential obtained was the 

same (-10.7mV) for both TiO2-NP suspended in medium. Since zeta potential measured was 

lower than the generally accepted approximate threshold for stability (+/-30mV), TiO2-NP used 

would be expected to have tendency to agglomerate over time due to instability in aqueous 

medium. Yet, those findings are in line with other studies in literature; Shukla et al. (2011) 

reported zeta potential of TiO2-NP in anatase structure as -11.5mV in DMEM supplemented 

with 10% FBS, and Long et al. (2006) also found TiO2-D zeta potential as -11.6mV in the same 

medium. 

3.3.2. Cellular viability 

The behaviour of nanomaterials when in contact with cells is an important factor for 

evaluation of their biocompatibility. Cell adhesion, spreading, and growth on substrates are the 

first sequential reactions when coming into contact with a material surface, which is extremely 

important for cell survival. It is well documented that, due to their unique physical and chemical 

properties, insoluble NP might cause problems in the in vitro assay systems; cells adhering to 

the bottom of a culture plate may not be exposed to the majority of NP in suspension or these 

might interfere with the dyes used in this assays (Guadagnini et al., 2013; Kansara et al., 2014). 

Based on this fact, before performing cellular viability assays, potential interference of NP with 

MTT and NRU assays was excluded by a parallel set of experiments conducted without cells. 

These assays are based on two different mechanisms; MTT represents mitochondrial activity 

whereas NRU provides information on lysosomal activity of the cells. 

A wide dose range (eight concentrations between 20 and 150µg/ml) and three incubation 

times (3, 6, and 24h) were tested for the viability assays. As it can be seen in Figure 3.4, MTT 

and NRU results showed that TiO2-NP, regardless of the NP crystalline structure, did not impair 

the viability of SH-SY5Y cells at any treatment time. These results were in line with the 

microscopic evaluation of the cells (phase contrast), since morphological alterations were not 

observed in any case (data not shown). 
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Figure 3.4. MTT assay (a-b) and NRU assay (c-d) results on neuronal cells treated with 

TiO2-S or TiO2-D. The relative cell viability in the exposed cells was expressed as a 

percentage relative to the untreated control cells. 

Since it was observed that TiO2-NP cause no significant decrease in viability at 

concentrations ranging from 20 to 150µg/ml after 3, 6 and 24h of exposure in SH-SY5Y cells, 

three different concentrations (80, 120 and 150µg/ml) and two time points (3 and 6h) were 

selected to carry out all subsequent assays. 

3.3.3.  Uptake 

To quantify the amount of TiO2-NP taken up by cells, the SSC parameter was measured 

by FCM. Results obtained are shown in Fig. 3.5. Uptake of both types of TiO2-NP by human 

neuronal cells increased with time of treatment, regardless of the crystalline structure.  
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Figure 3.5. Flow cytometry analysis of TiO2-S (a) or TiO2-D (b) uptake by SH-SY5Y 

cells. *P<0.05, significant difference with regard to the corresponding negative control. 
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The uptake followed a concentration-dependent pattern after 3h (r=0.873, P<0.01 for 

TiO2-S; r=0.703, P<0.01 for TiO2-D) and 6h exposure (r=0.897, P<0.01 for TiO2-S and 

r=0.825, P<0.01 for TiO2-D), and was always higher for TiO2-S than for TiO2-D. 

These results are supported by previous studies that used the same kind of NP in different 

human cell lines. For instance, the uptake of different crystal structures of TiO2-NP was 

observed using Caco-2 human intestinal cells by Gitrowski et al. (2014); Caco-2 monolayers 

exhibited time-dependent uptake of TiO2-NP in anatase, anatase:rutile, and rutile forms, with 

the nano rutile form being taken up the least. Similar results were also obtained in human 

epidermal cells (Shukla et al., 2011), human bronchial epithelial cells (Janer et al., 2014; Tedja 

et al., 2012), human osteoblast cells (Niska et al., 2015), and human epithelial cells from 

amnion (Saquib et al., 2012). 

3.3.4. Cell cycle  

The relative cellular DNA content in cells treated with TiO2-NP was examined by FCM in 

order to determine the cell distribution in the different phases of the cell cycle (G0/G1, S, and 

G2/M). Figure 3.6 exhibits the effect of TiO2-NP on cell cycle progression. Results obtained 

showed that TiO2-S exposure altered cell cycle of neuronal cells, especially after 6h exposure 

when an arrest in S-phase was observed (Figure 3.6 a and b). 

Under these conditions, positive dose-response for S-phase (r=0.436, P<0.05) and inverse 

dose-response for G2/M-phase (r=-0.617, P<0.01) were observed. Slighter effects were induced 

by TiO2-D, according to their lower cellular uptake (Figure 3.6 c and d). They were not found to 

alter the SH-SY5Y cell cycle after 3h exposure, although concentration-dependent cell cycle 

alterations were found after 6h treatment; effects on G0/G1 (r=0.522, P<0.01) and G2/M (r=-

0.420, P<0.05) phases were also observed in this case. 

These findings agree with some previous studies in other different cells in which anatase 

TiO2-NP were more potent than rutile TiO2-NP in activating apoptosis and cell cycle checkpoint 

proteins (Lagopati et al., 2014; Wu et al., 2010a), and anatase TiO2-NP were more biologically 

active than rutile TiO2-NP in terms of cytotoxicity (Jin et al., 2010). 

Furthermore, these results are consistent with others which have demonstrated the effect 

of TiO2-NP on cell cycle in different cell lines and in vivo. For instance, TiO2-NP with mixed 

crystalline structure resulted in a statistically significant increase in the proportion of human 

lung fibroblast WI-38 cells in the G2/M phase, and a significant decrease in the proportion of 

cells in the G0/G1 phase (Periasamy et al., 2014). Also, Medina-Reyes et al. (2015) found that 

TiO2-NP exposure induces higher percentage of lung epithelial A549 cells in the G2/M phase. 
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Likewise, the same cells treated with TiO2-NP showed arrest in G2/M phase, suggesting DNA 

damage and consequent activation of DNA repair processes (Wang et al., 2014b). 
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Figure 3.6. Cell-cycle analysis after treatment of SH-SY5Y cells with TiO2-S (a, b) or 

TiO2-D (c, d) for 3h (a, c) or 6h (b, d). PC: positive control. *P<0.05, **P<0.01, 

significant difference with regard to the negative control. 

Most research about the effect of TiO2-NP on cell cycle has focused on their pulmonary 

impact via inhalation or skin damage after dermal exposure. However analyses on neuronal cells 

after TiO2-NP exposure are quite scarce. There is only one another study with neuronal cells 

present in the literature in which it was demonstrated that both crystalline forms were able to 

arrest the cell cycle in G2/M phase of rat neuronal PC12 cells (Wu et al., 2010a).  

3.3.5. Apoptosis 

To assess the extent and mode of cell death, the rate of early apoptotic cells was evaluated 

by means of FCM analysis of annexin/PI staining, based on analysis of the percentage of cells 

stained with annexin V but not with PI (early apoptotic cells). Experimental results indicate a 

dose-dependent increase in the apoptosis rate after treatment with both types of TiO2-NP at the 

two times tested (r=0.790, P<0.01 and r=0.398, P<0.01 for TiO2-S 3 and 6h, respectively; 

r=0.449, P<0.01 for TiO2-D 3h) (Table 3.2). 

Dose-dependent apoptosis induced by TiO2-NP was previously demonstrated in other 

different cell types: human endothelial cells (Hou et al., 2014), human erythrocytes and 

lymphocytes (Ghosh et al., 2013), human liver HepG2 cells (Shukla et al., 2011), human neural 
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U87 astrocytoma cells (Lai et al., 2008), murine C6 and human U373 glial cells (Márquez-

Ramírez et al., 2012), and rodent neuronal P12 cells (Liu et al., 2010; Wu et al., 2010a).  

Table 3.2. Apoptotic cell rates (%) after TiO2-NP exposure. 

    3h 6h 

    Annexin-V MMP Annexin-V MMP 

Control   4.71±0.27 4.93±0.33 6.94±0.34  5.03±0.52 

TiO2-S 

80µg/ml 6.67±0.40** 5.87±0.45 8.03±0.57 7.26±0.64* 

120µg/ml 7.13±0.32**  6.07±0.25*   8.60±0.24** 11.93±0.73** 

150µg/ml 8.74±0.40**   7.87±0.47**   8.62±0.35** 10.01±0.84** 

TiO2-D 

80µg/ml 7.57±0.20**   9.92±0.79**   9.30±0.47** 11.88±0.60** 

120µg/ml 7.67±0.22**   13.75±0.39**   8.92±0.43** 15.16±0.71** 

150µg/ml 7.03±0.14**  17.11±1.31** 8.90±0.56* 12.91±0.86** 

PC   8.28±0.14** 6.69±1.09 10.27±0.41** 9.07±0.70** 

 

We further analysed the crucial step of apoptosis by intrinsic pathway, i.e., mitochondrial 

membrane depolarization, in TiO2-NP treated cells by means of comparing differences in 

fluorescence intensity of JC-1 fluorescent staining. JC-1 dye exhibits potential-dependent 

accumulation in mitochondria, indicated by a fluorescence emission shift from green (~529nm, 

measured in the FL1 channel) to red (~590nm, measured in FL2 channel). In healthy cells 

fluorescence is seen in both FL1 and FL2 channels of the FCM. Since JC-1 does not accumulate 

in mitochondria with depolarized membrane and remains in the cytoplasm as monomers, these 

monomers do not have the red spectral shift, and therefore have low fluorescence in the FL2 

channel. On the other hand, in mitochondria undergoing a transition from polarized to 

depolarized membrane (due to apoptosis or other physiological events), JC-1 leaks out of the 

mitochondria into the cytoplasm as monomers resulting in a decrease of red fluorescence, 

measured by FL2 channel.  

We found a dose-dependent collapse of MMP following treatment with both types of 

TiO2-NP, at the two times tested (Table 3.2) (r=0.754, P<0.01 and r=0.727, P<0.01 for TiO2-S 3 

and 6h, respectively; r=0.959, P<0.01 and r=0.619, P<0.01 for TiO2-D 3 and 6h, respectively). 

Furthermore, these losses observed in MMP suggest that these NP induce apoptotic death by 

intrinsic (mitochondrial) pathway. Accordingly, other authors recorded apoptosis induction by 

TiO2-NP through mitochondrial pathway in neuronal rat PC12 cells (Wu et al., 2010a), human 

skin HaCat cells (Xue et al., 2010), rat C6 and human U373 glial cells (Huerta-García et al., 

2014), human lung fibroblast WI-38 cells (Periasamy et al., 2014, 2015), murine macrophage 

RAW264.7 cells and human bronchial epithelial BEAS-2B cells (Xiong et al., 2013). Besides, 
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alterations in the expression pattern of genes related to cell death and cell cycle were found in 

rodent neuronal cells exposed to TiO2-NP (Long et al., 2007). Specifically, TiO2-D exposure 

induced up-regulation of inflammatory, apoptotic and cell cycling pathways and down-

regulation of energy metabolism in mouse BV2 microglia cells. 

Data obtained from apoptosis assessment contrast with the absence of decrease in cell 

viability observed. Nevertheless, the significant differences observed in the percentage of 

apoptotic cells in the NP exposed cells with regard to the controls were over 2% (12% 

maximum). Thus it is probable that these low magnitude differences, observed by FCM due to 

the high sensitivity of the technique, and could not be detected by MTT and NRU 

spectrophotometrical assays.  

3.3.6.  Genotoxicity 

Due to the size of NP, the probability of their internalization into the cells and interaction 

with cellular organelles and macromolecules (DNA, RNA, and proteins) is very high. These 

interactions can be the origin of damage in the genetic material, so genotoxicity data are 

important for nanotechnology regulation and risk assessment. As Petković et al. (2011) 

suggested that the different genotoxicity responses of TiO2-NP could depend not only on size 

but also on their crystalline structure, in this study the potential genotoxic effects of two 

different TiO2-NP (pure anatase and 20% rutile) were evaluated by means of three different 

genotoxicity tests, namely MN test, γH2AX assay and comet assay. In general, results regarding 

genotoxicity obtained from both types of NP were quite similar to each other.  

MN test measures damage to the chromosomes and mitotic apparatus of cells. Thus, an 

increase in the frequency of micronucleated cells is an indication of induced chromosome 

damage (Chen et al., 2014a). Here we evaluated MN formation by means of FCM. No increase 

in MN formation was observed after 3h treatments, but dose-dependent MN induction was 

detected after 6h exposure to both types of TiO2-NP (r=0.662, P<0.01 for TiO2-S and r=0.684, 

P<0.01 for TiO2-D) (Figure 3.7).  

These positive results of MN assay show the ability of TiO2-NP to produce structural 

and/or numerical chromosome damage, and agree with those studies reporting positive 

induction of MN in Chinese hamster ovary (CHO-K1) cells by using 80% anatase-20% rutile 

TiO2-NP (Di Virgilio et al., 2010), in human lymphocytes by using pure anatase and 86% 

anatase-14% rutile TiO2-NP (Tavares et al., 2014), in human epidermal A431 lung cancer A549 

and liver carcinoma HepG2 cells treated with 99.7% pure anatase TiO2-NP (Shukla et al., 2011, 

2013; Srivastava et al., 2011, 2013), in human bronchial epithelium BEAS-2B and HepG2 cells 

exposed to anatase:rutile (86:14) TiO2-NP (Prasad et al., 2014), and in human embryonic kidney 
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HEK293 cells and mouse embryonic fibroblast NIH/3T3 cells by treatment with anatase TiO2-

NP (Demir et al., 2015).  
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Figure 3.7.Genotoxicity in neuronal cells treated with TiO2-S (a) or TiO2-D (b) by MN 

evaluation. PC: positive control. *P<0.05, **P<0.01, significant difference with regard 

to the corresponding negative control. 

One of the earliest responses to DNA double strand breaks (DSB) involves 

phosphorylation of the C-terminal tails of H2AX histones located near the break (Rogakou et 

al., 1998). The DNA repair machinery will recognize this phosphorylated histone, called 

γH2AX, and repair will start at that point. On this basis, the level of γH2AX has been used as a 

precise marker of DSB but is also indicative of replication stress (Tu et al., 2013). 

 In our study, the effect of TiO2-NP on γH2AX levels was measured by FCM, using an 

anti-γH2AX antibody. Results of this assay revealed no increase in H2AX phosphorylation after 

exposure to both types of TiO2 under every experimental condition (Figure 3.8). 
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Figure 3.8. Genotoxicity in neuronal cells treated with TiO2-S (a) or TiO2-D (b) by 

γH2AX assay. PC: positive control. **P<0.01, significant difference with regard to the 

corresponding negative control. 

These results disagree with a previous study employing H2AX assay after treating 

human lung epithelial A549 cells with TiO2-NP, which found significantly elevated levels of 

histone phosphorylation (Toyooka et al., 2012; Wan et al., 2012). Moreover, these authors 

observed that increased H2AX levels were attenuated by coating the surface of TiO2-NP with 
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bovine serum albumin. According to this, the negative results obtained in our study and in the 

ones previously stated by Jugan et al. (2012) and Wan et al. (2012) in A549 cells, might be in 

part explained by the use of complete medium, supplemented with FBS, for the NP treatment. 

Yet there is not enough evidence to prove the effect of FBS on protein corona formation around 

the TiO2-NP or the disparate effects of a given protein corona on particle-cell interactions. 

TiO2-NP induced DNA strand breaks and alkali labile sites were assessed through the 

alkaline version of comet assay, which reveals both DNA single strand breaks (SSB) and DSB. 

In contrast to γH2AX assay, comet assay results showed that treatment with both types of TiO2-

NP induced a significant increase of DNA damage at both time points (Figure 3.9). This 

increase was dose-dependent for TiO2-D (r=0.478, P<0.01 at 3h treatment, and r=0.454, P<0.01 

at 6h treatment). 
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Figure 3.9. Genotoxicity in neuronal cells treated with TiO2-S (a) or TiO2–D (b) by 

comet assay. PC: positive control. *P<0.05, **P<0.01, significant difference with 

regard to the corresponding negative control. 

To our knowledge, this is the first study assessing DNA strand breaks induced by TiO2-

NP on neuronal cells. Our findings agree with previous studies that showed effect of different 

types of TiO2-NP on DNA damage evaluated by comet assay. Few examples can be given as 

Syrian hamster embryo (SHE) cells treated with anatase and anatase:rutile (80:20) TiO2-NP 

(Guichard et al., 2012), Chinese hamster lung fibroblast cells using rutile and anatase:rutile 

83:17 TiO2-NP (Hamzeh and Sunahara, 2013), human embryonic kidney cells (HEK293) and 

mouse embryonic fibroblasts (NIH/3T3) exposed to pure anatase TiO2-NP (Demir et al., 2015), 

human bronchial epithelial BEAS-2B cells and human liver HepG2 cells using anatase:rutile 

(86:14) TiO2-NP (Prasad et al., 2013b, 2014), A549 cells treated with pure anatase TiO2-NP 

(Wang et al., 2014b), human gastric epithelial AGS cells exposed to anatase:rutile (80:20) TiO2-

NP (Botelho et al., 2014), and mouse NIH/3T3 fibroblasts, human SVK14 keratynocytes and 

human BJ fibroblasts exposed to TiO2-NP anatase or rutile, being more efficient the former one 

(Tomankova et al., 2015). 

As mentioned previously, γH2AX assay and comet assay usually provide similar results 

since both of them evaluate DNA breaks. However, the alkaline version of the comet assay not 
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only detects DSB, but also SSB, alkaline-labile sites and incomplete excision-repair sites, which 

are not related to phosphorylation of H2AX. From all the results of genotoxicity assays it seems 

that TiO2-NP induce DNA damage on human neuronal cells but different from DSB which, if 

any, would increase the γH2AX levels. Perhaps this DNA damage induced by TiO2-NP 

exposure could not be properly repaired and became fixed as structural chromosomal 

alterations, detected by the MN test. Still, the involvement of aneugenic processes in the 

generation of MN by exposure to these NP cannot be ruled out. 

3.3.7. Oxidative damage 

Oxidative stress has been suggested to play an important role in the mechanism of NP 

toxicity. A number of studies suggest that TiO2-NP induce toxicity via oxidative stress due to 

their relatively larger surface area and greater reactive activity than bulk TiO2 particles 

(reviewed in Chen et al., 2014). Nonetheless, in this study even the highest TiO2-NP 

concentration did not produce DNA oxidative damage, according to OGG-modified comet 

assay, or decrease in GSH:GSSG ratio after 3 or 6h treatments (Figures 3.10 and 3.11, 

respectively). 

As ROS are known to react with DNA molecules causing damage to both purine and 

pyrimidine bases as well as to the DNA backbone (Shukla et al., 2011), we investigated the link 

between oxidative stress and DNA damage in SH-SY5Y cells via the OGG1 modified comet 

assay. One of the most frequently used repair enzymes for detecting specific types of damage in 

the comet assay is OGG1, which recognizes specifically the most common marker for DNA 

oxidation: 8-oxo-7,8-dihydroguanine (8-oxoG), and nicks the DNA at these oxidized sites 

(Collins, 2009b). The difference in tail intensity between cells treated with this enzyme and 

those not treated (treated only with the enzyme buffer) gives a measure of the amount of 

oxidatively damaged DNA. 

In the present study, levels of enzyme sensitive sites (8-oxoG) have not changed 

significantly after treatment with both types of TiO2-NP as compared to buffer (Figure 3.10). 

Despite the majority of studies stated positive response results with different types of TiO2-NP 

for enzyme-modified comet assay (Magdolenova et al., 2012a; Petković et al., 2011; Sekar et 

al., 2014; Shukla et al., 2011, 2013, 2014; Ursini et al., 2014), these findings are supported by 

several other studies in the literature. Recently, Demir et al. (2015) did not observe oxidative 

DNA damage induction using the OGG1-modified comet assay when human embryonic kidney 

HEK293 cells and mouse embryonic NIH/3T3 fibroblasts were exposed to TiO2-NP in pure 

anatase form. Similarly, oxidative DNA damage was not observed in Caco-2 cells exposed to 

mixed anatase/rutile TiO2-NP (Gerloff et al., 2009), or in TK6 cells (Woodruff et al., 2012) and 

BEAS-2B cells (Vales et al., 2014) treated with pure anatase TiO2-NP. 
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Figure 3.10. Results of OGG1-modified comet assay in neuronal cells treated with 

TiO2–S for 3h (a) or for 24h (b), and with TiO2–D for 3h (c), or for 24h (d). PC: positive 

control. *P<0.05, significant difference with regard to the corresponding buffer. 
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Figure 3.11. Ratio of reduced to oxidised glutathione in neuronal cells treated with 

TiO2-S (a) or TiO2-D (b). PC: positive control. 

In this study all comet assay steps after cell lysis were performed as usual in the dark. 

Although the relevance of the photosensitizing action of TiO2-NP and their potential to cause 

inconsistency with this assay are still ongoing discussion, Gerloff et al. (2009) could 

demonstrate enhanced strand breaks and by using the comet assay after handling of the already 

lysed slides by normal interior light. Likewise, both Jugan et al. (2012) and Woodruff et al. 

(2012) reported that if experiments were processed in the dark to avoid any photocatalytic 

effects of TiO2-NP, ROS accumulation decreased, suggesting that TiO2-NP generated ROS in 

cells via photocatalysis. This reveals the necessity of careful handling when performing the 
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comet assay to avoid false positive results, especially when photocatalytic compounds such as 

TiO2 are used. 

The GSH redox cycle is a recycling process that maintains GSH homeostasis during 

intracellular detoxification of ROS. The intracellular GSH redox status is described by the 

GSH:GSSG ratio (Kung et al., 2015). A decrease in the ratio of reduced to oxidised glutathione 

(GSH:GSSG) is indicative of oxidative stress. Figure 3.11 shows the results obtained in the 

determination of GSH and GSSG in cells exposed to TiO2-NP; treated neurons expressed levels 

of GSH:GSSG ratio similar to basal levels. 

The GSH redox cycle is present both in the cytosol and in mitochondria. Reports have 

shown that TiO2-NP exposure can attenuate antioxidant enzyme activity such as catalase and 

glutathione reductase, and increase glutathione peroxidase activity and GSSG/total GSH ratio in 

different cells, such as human lung WI-38 fibroblasts (Periasamy et al., 2014), human 

hepatocarcinoma cells (El-Said et al., 2014), or human alveolar type-I-like epithelial cells 

(Sweeney et al., 2014). This fact suggests that TiO2-NP enhanced ROS generation and blocked 

cellular antioxidant defences. These reported results are inconsistent with our observations of 

stable GSH:GSSG ratio in SH-SY5Y cells treated with pure anatase and mixed anatase/rutile 

which, in turn, were parallel to the observations in OGG1-modified comet assay. 

It is generally accepted that most NP induce oxidative stress leading to the generation of 

free radicals that could disrupt the BBB and cause certain dysfunctions in the brain (Simkó and 

Mattsson, 2014). Particularly, TiO2-NP were reported to induce oxidative stress in many cell 

types including several neural cells such as rat PC12 neuronal cells (Wu et al., 2010a), mouse 

brain microglia (Long et al., 2006, 2007), human neuronal cells (Nalika and Parvez, 2015), 

murine C6 glial and human U373 glial cells (Huerta-García et al., 2014), and in in vivo studies 

with mice (Cui et al., 2014; Ma et al., 2010; Shrivastava et al., 2014; Ze et al., 2013). 

Nevertheless, in this current study TiO2-NP did not significantly affect the level of GSH:GSSG 

ratio suggesting that there was no need of antioxidants for detoxifying ROS overproduced by 

TiO2-NP. The evidence for the induction of oxidative damage to DNA was not gained either 

from the measurement of the level of OGG1 sensitive sites. Therefore, the cytotoxic and 

genotoxic effects observed in this work as produced by TiO2-NP were induced by mechanisms 

other than oxidative stress generation. Thus, Gheshlaghi et al. (2008) proposed the interaction 

with different cellular components as an alternative mechanism for TiO2-NP toxicity, after 

observing that these NP disrupted microtubules by inhibiting tubulin polymerization in sheep 

brain cells. 
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3.4. CONCLUSIONS  

In the present study we investigated the effects of TiO2-NP with two types of crystalline 

structure on the human SH-SY5Y neuroblastoma cell line exploring the different mechanisms 

underlying their cytotoxic and genotoxic potential. From the results obtained in this study we 

may draw the following conclusions: 

1. TiO2-NP did not reduce the viability of neuronal cells but were effectively internalized by 

them in a concentration and time-dependent manner. 

2. Both crystalline structures induced dose-dependent cell cycle alterations and apoptosis by 

intrinsic pathway. 

3. Genotoxicity assays showed positive results in the comet assay and MN test, but negative 

results in H2AX assay. These data indicate that TiO2-NP induce genotoxicity in neuronal 

cells not related to the production of DSB. 

4. TiO2-NP did not induce oxidative DNA damage or decrease in the GSH:GSSG ratio, 

suggesting that their genotoxic effects are not associated with oxidative stress generation. 

5. Behaviour of both types of TiO2-NP, TiO2-S and TiO2-D, resulted quite comparable. 

Genotoxicity results were similar, but TiO2-S were more effectively taken up by the 

neuronal cells and showed a higher potential in inducing cytotoxicity, particularly cell 

cycle alterations. 

These results provide valuable insights into the mechanism of TiO2-NP induced toxicity 

in human neuronal cells. These observations once again reiterate concern about the safety of 

TiO2-NP in consumer products. 
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4.1. INTRODUCTION 

Zinc oxide (ZnO) is an attractive material due to its unique physical and chemical 

properties, such as high chemical stability, high electrochemical coupling coefficient, broad 

range of radiation absorption and high photostability (Kołodziejczak-Radzimska and 

Jesionowski, 2014). Also, at nanoscale, ZnO-NP have interesting characteristics, e.g. 

transparency, high isoelectric point, biocompatibility, and photocatalytic efficiency that makes 

them very suitable for a number of different applications.  

Hence, ZnO-NP are one of the most abundantly used nanomaterials in consumer products 

and biomedical applications due to their specific properties, e.g. transparency, high isoelectric 

point, biocompatibility, and photocatalytic efficiency. They are widely employed in a variety of 

devices including cosmetics, toothpaste, sunscreens, fillings in medical materials, textiles, wall 

paints, and other building materials, and they can be also utilized in environmental remediation 

for elimination or degradation of pollutants in water or air (Jing et al., 2001). Furthermore, ZnO-

NP have promising applications in medicine field since they have been proposed as a possible 

treatment for cancer and/or autoimmune diseases after being found to be selectively toxic 

towards potential disease-causing cells (Akhtar et al., 2012; Hanley et al., 2009; Premanathan et 

al., 2011), and they have been considered to be used in fabrication of nerve guidance channels 

for treatment of nerve injury (Seil and Webster, 2008). As a result of all these uses, human 

exposure to these NP is highly frequent. They can enter the organism through different 

pathways (respiratory tract, digestive system, transdermic and parenteral routes) and have 

shown a systemic distribution in in vivo studies (Vandebriel and De Jong, 2012), so they can 

potentially reach any organ or tissue involving a risk for human health. 

ZnO-NP have been considered as one of the most toxic NP due to their lower cation 

charges (Hu et al., 2009). Accumulating evidence from in vitro studies has revealed that ZnO-

NP are toxic to mammalian cells such as: human keratinocyte HaCaT and human lung epithelial 

A549 cells (Horie et al., 2009), L-132 cells (Sahu et al., 2013), human hepatocyte and 

embryonic kidney cells (Guan et al., 2012), human liver HepG2 cells (Sharma et al., 2011), and 

human peripheral blood lymphocytes (Sliwinska et al., 2015).  

In general, toxicity of NP vary significantly with their size, as it has been found that 

smaller size usually involves more toxicity (Kang et al., 2013; Lin et al., 2014; Shang et al., 

2014); indeed, toxicity of ZnO-NP has been reported to be greater than for bulk ZnO (Hanley et 

al., 2009; Hsiao and Huang, 2011). As far as the effect of shape is concerned, it was found that 

rod shapes are more toxic than the spherical ones, which means different shapes with fixed size 

and surface area have different effects on cell toxicity (Kwon et al., 2014a; Roy et al., 2015). 
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Additionally, in a study on the effect of surface charge, Jiang et al. (2009) found that ZnO-NP 

preferentially attached to a negatively charged bacterial surface. According to these studies, the 

toxicity of these NP was significantly influenced by their physicochemical properties. 

Therefore, it is important to understand relationships between biological toxicity and 

physicochemical properties of ZnO-NP to develop an unbiased assessment of the potential risks 

associated with their exposure. 

Crystalline ZnO has a wurtzite (B4) hexagonal crystal structure at ambient conditions. 

Figure 4.1 clearly shows that the structure of ZnO can be simply described as a number of 

alternating planes composed of tetrahedrally coordinated O−2 and Zn+2, stacked alternately along 

the c-axis. The tetrahedral coordination of ZnO gives rise to the non-centrosymmetric structure, 

and each anion is surrounded by four cations at the corners of the tetrahedron, resulting in a 

spontaneous polarization as well as a divergence in surface energy (Morkoç and Özgür, 2009; 

Wang, 2004). 

 

Figure 4.1. The hexagonal wurtzite structure model of ZnO. The tetrahedral 

coordination of ZnO is shown; O atoms are the larger red spheres while the Zn atoms 

are the smaller yellow spheres (from http://pixshark.com/wurtzite-structure.htm). 

According to recent reports, inhaled NP could travel to brain either systemically via lung 

or through olfactory nerves on the upper section of the nasal cavity by axonal transport (Elder et 

al., 2006; Lanone and Boczkowski, 2006; Oszlánczi et al., 2011), resulting in inflammatory 

changes and brain edema formation in rats (Sharma et al., 2010). Kao et al. (2012) showed by 

electron microscopy that when ZnO-NP were intranasally administered to Sprague Dawley rats 

(6h exposure) they translocated into the olfactory bulb. The translocation of ZnO-NP across the 

blood-brain barrier and into the central nervous system was also confirmed by Cho et al. (2013) 

after 13 weeks of repeated oral administration; enhanced ZnO-NP levels were measured in rat 

brains compared with the untreated group. Additionally, ZnO-NP were reported by Xie et al. 

(2012) to disrupt memory of Swiss male mice with induced depressive-like behaviour. 
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In in vitro studies, ZnO-NP caused toxicity of mouse C17.2 neural stem cells (Deng et al., 

2009), mouse neuroblastoma Neuro-2A cells (Jeng and Swanson, 2006), primary rat neuronal 

cells (Chiang et al., 2012), human glioma cells (Ostrovsky et al., 2009), and they also interfered 

with the ion channel current in primary hippocampal neurons from rat brain (Zhao et al., 2009). 

Nevertheless, there is still lack of information on the toxic effects of these NP on neurons and 

on the nervous system, particularly those from humans. 

Therefore, in the present study human SH-SY5Y neuronal cells were used as an in vitro 

model to understand the mechanism of neurotoxicity of ZnO-NP. To achieve this aim a 

systematic study, which involved assessment of cell viability, cytotoxicity, genotoxicity, and 

oxidative stress, was undertaken. We also investigated whether the toxicity found was mediated 

by Zinc (II) ions released from ZnO-NP. 

4.2. MATERIALS AND METHODS 

4.2.1. Nanoparticles: preparation and characterization 

ZnO-NP in powder form were purchased from Sigma-Aldrich Co. A stock suspension of 

NP was prepared in either deionized water or cell culture medium supplemented with foetal 

bovine serum (FBS) (final concentration 80μg/ml).  

Prior to each treatment, this suspension was ultrasonicated (Branson Sonifier, USA) at 

30W for 5min (1.5min on and 1min off twice, and 2min on), and diluted to prepare the different 

ZnO-NP concentrations tested. 

Average hydrodynamic size, size distribution, and zeta potential were characterized by 

DLS as described in section 3.2.1. 

4.2.2.  Cell culture and treatments 

Human neuroblastoma SH-SY5Y cell line was obtained from the European Collection of 

Cell Cultures and cultured in nutrient mixture EMEM/F12 (1:1) medium with 1% non-essential 

amino acids, 1% antibiotic and antimycotic solution, and supplemented with 10% heat 

inactivated FBS, all from Invitrogen™. Cells were incubated in a humidified atmosphere with 

5% CO2 at 37°C.  

As it was explained previously in section 3.2.2, to carry out the experiments cells were 

seeded in 96-well plates (flat bottom) and allowed to adhere for 24h at 37°C. Cell densities were 

approximately in the range of 2-5x104 cells/well. Cells were then exposed to different 

concentrations of ZnO-NP for diverse times as per the experimental design. Cell culture 

medium was used as negative control in all experiments. 
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The following chemicals were used as positive controls: Campt (10μM) in apoptosis 

assessment, cell cycle and H2AX analysis; MMC (1.5μM) in MN test; BLM (1μg/ml) in comet 

assay, and H2O2 (2μM for 3h treatments, and 1μM for 6h treatments) for oxidative DNA damage 

experiments. Besides, TiO2-NP (120μg/ml) and triton X-100 (1%) were used as positive 

controls in cellular uptake and lactate dehydrogenase (LDH) assays, respectively. 

4.2.3.  Cellular viability 

Cellular viability after exposure to ZnO-NP, and possible interference of these NP with 

the assay methodologies, were analysed by MTT and NRU assays, as described in section 3.2.3.  

From the results of cell viability experiments, two exposure times (3 and 6h) and three 

different concentrations of ZnO-NP (20, 30 and 40μg/ml) were selected to perform the further 

experiments. 

4.2.4.  Cellular uptake 

The uptake of ZnO-NP by the neuronal cells was determined by FCM as described in 

section 3.2.4. TiO2-D NP (150µg/ml) were used as positive control. 

4.2.5.  Cell cycle 

The cell distribution along the different phases of the cell cycle was examined in cells 

treated with ZnO-NP or the controls by FCM as described in section 3.2.5.  

4.2.6. Apoptosis 

4.2.6.1.  Annexin V-PI staining 

Apoptosis rate after exposure to ZnO-NP was determined by means of annexin V/PI 

double staining, using the BD Pharmingen Annexin V–FITC apoptosis detection kit I (Becton 

Dickinson), as previously explained in section 3.2.6.1. 

4.2.6.2.  Mitochondrial membrane potential analysis 

Mitochondrial membrane potential (MMP) of neuronal cells exposed to ZnO-NP was 

detected with fluorescent probe JC-1 (Molecular probes) using FCM as described in section 

3.2.6.2. 
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4.2.7.  Genotoxicity  

4.2.7.1. Micronucleus evaluation by flow cytometry 

MN induction after incubation of cells in the presence of ZnO-NP was measured by a 

FCM methodology as described previously in section 3.2.7.1. 

4.2.7.2. γH2AX assay 

The effect of ZnO-NP treatments on H2AX histone phosphorylation was analysed by 

FCM as described in section 3.2.7.2. 

4.2.8. Comet assay 

After treatments with ZnO-NP, comet assay was performed as stated previously in section 

3.2.7.3. 

4.2.9.  Oxidative DNA damage 

The levels of oxidative DNA damage caused by ZnO-NP in neuronal cells were analysed 

by OGG1 enzyme-modified comet assay as described in section 3.2.8.1. 

4.2.10. Membrane integrity 

Lactate dehydrogenase (LDH) activity in extracellular medium due to membrane damage 

was assessed by a commercial kit (Roche Diagnostics Corp.) using manufacturer’s protocol. 

The LDH assay measures metabolic conversion of lactate to pyruvate by LDH enzyme and 

resulting coloured compound is measured spectrophotometrically. Therefore, an increase in 

LDH activity measured in the cell culture supernatant alone is representative for cell membrane 

damage due to leakage of the enzyme to extracellular fluid. 

Cells were seeded in 96-well plates and allowed to adhere for 24h. Medium was aspirated 

and cells were incubated at 37ºC for different time periods with ZnO-NP suspensions. After 

completion of exposure periods, the culture plates were centrifuged at 250xg for 4min. The 

supernatant of each well was transferred to a new flat bottom 96-well plate. LDH assay mixture 

was prepared by mixing equal amounts of LDH assay substrate, cofactor and dye solutions. This 

assay mixture was added in an amount equal to 2X the volume of supernatant present in each 

well. The plate was incubated in the dark at room temperature for 20min, and the reaction was 

terminated by the addition of 1/10 volume of 1N HCl. The untreated cells and cells treated with 
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1% triton X-100 were also run in parallel under identical conditions and served as negative and 

positive controls, respectively. The resulting coloured compound was measured 

spectrophotometrically at 490nm with a reference wavelength of 655nm using a Cambrex 

ELx808 microplate reader (Biotek, KC4). LDH release was calculated as follows:  
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[A]sample is the value of absorbance measured from the sample, [A]negative control refers to the 

absorbance of cell culture medium, and [A]positive control refers to the absorbance of triton X-100, 

which was set as 100% cytotoxicity. 

4.2.11.  Dissolved zinc concentrations in cell culture medium 

To quantify the Zinc (II) ions concentrations released from the ZnO-NP, cell culture 

medium containing ZnO-NP at different concentrations (2, 4, 6, 8, 10, 15, 20, 25, 30, 35, 40, 45, 

50 and 55µg/ml) were incubated at 37ºC for 3, 6, 12 and 24h in a humidified 5% CO2 

environment. Cell culture medium without NP but subjected to the same conditions was used as 

the blank control. A solid phase ZnO was removed from the liquid medium by centrifugation at 

14,000rpm for 30min. The Zn content in the supernatant was analysed by flame atomic 

absorption spectroscopy (FAAS) (Thermoelemental Solaar S4 v.10.02).  

4.2.12. Cytotoxic effects of Zinc (II) ions. 

In order to test whether cytotoxicity of ZnO-NP was due to Zinc (II) ions released from 

NP, cells were treated for 3h with ZnSO4.7H2O, at 0.05, 0.1, 0.2, 0.4, 0.6, and 0.8mM. These 

concentrations were set according to the results obtained in FAAS. Cell viability was evaluated 

using the MTT assay as described in section 3.2.3. 

4.2.13. Statistical analysis 

Distribution of the response variables departed significantly from normality 

(Kolmogorov-Smirnov test) and therefore non-parametric tests were considered adequate for the 

statistical analysis of these data. Differences among groups were tested with Kruskal-Wallis test 

and Mann-Whitney U-test. The associations between two variables were analysed by 

Spearman’s correlation. Statistical analyses were performed using SPSS for Windows statistical 

package (version 21.0). Experimental data were expressed as mean ± standard error. A 

minimum of three independent experiments were performed for each experimental condition 

tested, and each condition was always run in duplicate and under blind conditions. In all cases, 

P<0.05 was considered significant.  
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4.3. RESULTS AND DISCUSSION 

Zinc is an essential trace element which plays an important role in regulating cellular 

metabolism. The increasing use of the ZnO-NP in a number of worldwide industries and in the 

medicine field has brought attention to their potential toxicity and health risks. It is well 

established that, under specific conditions, ZnO-NP may result toxic to a variety of mammalian 

and human cells (De Berardis et al., 2010; Kim et al., 2010a; Osman et al., 2010; Sharma et al., 

2009, 2011; Wahab et al., 2011) and to animals after intratracheal instillation (Fukui et al., 

2015) or after oral (Pasupuleti et al., 2012; Yang et al., 2011a) or inhalatory (Adamcakova-

Dodd et al., 2014; Wang et al., 2010) administration. Furthermore, it has been well documented 

that ZnO-NP can also reach rodent brain after inhalation (Kao et al., 2012) or oral 

administration (Lee et al., 2012). However, although it has been reported that ZnO-NP affect 

spatial learning and memory ability of young rats (Yang et al., 2011a), their effects at the 

cellular and molecular level, especially on human neuronal cells, are not clear yet. 

The present study explores the effects of ZnO-NP on human neuroblastoma cells and 

provides significant insight into the possible mechanism through which ZnO-NP exert their 

toxic effects on these cells. Several concentrations and exposure times were tested and a battery 

of methodologies were employed with the aim of characterizing in depth the genotoxic and 

cytotoxic effects of ZnO-NP on human neuronal cells as well as attempting to understand the 

underlying action mechanisms. 

4.3.1. Nanoparticle characterization 

To understand the extent of aggregation of these NP before cellular exposure, the average 

hydrodynamic size, size distribution and zeta potential of ZnO-NP in water and in cell culture 

medium suspensions were assessed by DLS.  

Table 4.1 summarizes the description and characterization data of the ZnO-NP employed 

in this study. BET evaluation of NP size, as provided by the commercial supplier, was 100nm. 

The average particle hydrodynamic diameter in medium was determined to be slightly higher 

(273.4nm) as compared to deionized water (243.7nm). The size distribution graphs showed a 

good dispersion of NP in medium (Figure 4.2c), despite having small differences in the water 

suspension (Figure 4.2a). The zeta potential was measured as -8.23mV in water (Figure 4.2b), 

and -11.7mV in medium (Figure 4.2d), which are lower than the generally accepted 

approximate threshold for stability; thus they would be expected to have a tendency to aggregate 

over time due to instability in aqueous medium.  
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Table 4.1. Physicochemical characterization of ZnO-NP 

Particle 
size a (nm) 

(BET) 

Specific 
surface area a 
(m2/g) (BET) 

Hydrodynamic 
diameter (nm) (DLS) 

Zeta potential (mV)     
(DLS) 

100 15–25 
Water Medium Water Medium 

243.7 273.4 − 8.23 − 11.7 
BET : Brunauer Emmett Teller, DLS: Dynamic Light Scattering 
a Provided by the commercial supplier 

 

 

Figure 4.2.Characterization of ZnO-NP: (a) hydrodynamic diameter and (b) zeta 

potential in water; (c) hydrodynamic diameter and (d) zeta potential in culture medium. 

4.3.2. Cellular viability 

For evaluating the cytotoxic potential of ZnO-NP in SH-SY5Y cells, more than one 

cytotoxicity assay was used to get more reliability. After demonstrating with acellular 

experiments that there was no interference between the ZnO-NP and the spectrophotometry 

methodologies (data not shown), SH-SY5Y cells were exposed to ZnO-NP (10-80μg/ml) for 3, 

6, 24 and 48h and their effect on cellular viability was determined with MTT and NRU assays. 

 Dose-dependent decrease in the percentage of viability (relative to control) was observed 

in MTT assay after exposure to ZnO-NP from 10μg/ml on at treatment periods longer than 6h 

(Figure 4.3a). The cytotoxicity was evident at 25μg/ml even after 3h. The results of NRU assay 

showed a similar concentration dependent response with loss in cell viability at 25μg/ml at all 

the treatment times tested (Figure 4.3b). 
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Figure 4.3. Results from MTT assay (a) and NRU assay (b) on viability of neuronal 

cells treated with ZnO-NP. Values inside the rectangle are statistically different from 

the corresponding controls. 

Results obtained from MTT and NRU assays showed that ZnO-NP diminished the 

viability of the neuronal cells in a dose dependent manner at all the treatment times. In 

accordance with these results, concentration-dependent decrease in cellular viability after ZnO-

NP exposure was previously described for several human cell types, including HepG2 and 

MCF-7 cancer cells (Wahab et al., 2014), THP-1 monocytes (Sahu et al., 2014), lymphocyte 

cells (Sarkar et al., 2014b) and adipose tissue-derived mesenchymal stem cells (Hackenberg et 

al., 2014). 

Moreover, grantees of a US National Institute of Health Sciences (NIEHS)-funded 

consortium program performed two phases of in vitro testing with selected ENM, including 

ZnO-NP, using three mammalian cell lines (human bronchial epithelial BEAS-2B, rat alveolar 

epithelial RLE-6TN, and human monocytic THP-1), which were selected in order to cover two 

different species (rat and human), two different lung epithelial cells (alveolar type II and 

bronchial epithelial cells), and two different cell types (epithelial cells and macrophages). From 

this study ZnO-NP were found to be cytotoxic to all cell types at concentrations ≥ 50 μg/ml (Xia 

et al., 2013). There is also evidence that ZnO-NP are particularly cytotoxic to rapidly dividing 

cancer cells relative to quiescent cells of the same lineage, suggesting that ZnO-NP toxicity is 

related to the proliferative potential of the cell (Hanley et al., 2009). Our results also support 

that ZnO-NP present an anti-proliferative effect; this capacity led different authors to propose 

ZnO-NP as a promising antibacterial and anticancer agent (Salem et al., 2015). 

4.3.3. Cellular uptake  

The internalization of ZnO-NP in neuronal cells was assessed using FCM. Surprisingly, 

no significant increase in the SSC parameter was observed for cells treated with ZnO-NP (20-

40μg/ml) for either 3 or 6h as compared to the control cells (Figure 4.4). 
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Figure 4.4. Uptake of ZnO-NP by SH-SY5Y cells as analysed by FCM. PC: positive 

control. *P<0.05, significant difference with regard to the corresponding negative 

control.  

NP in general elicit a wide range of intracellular responses depending on their 

physicochemical properties, intracellular concentrations, duration of contact, subcellular 

distributions and interactions with biological molecules (Dobrovolskaia and McNeil, 2007). 

Although cell types and their states of differentiation can determine the choice of internalization 

pathway, the physicochemical properties and surface reactivity of NP are also important for 

their biological fate (Nel et al., 2009). For particle uptake to occur, specific (ligand–receptor) 

and non-specific (hydrophobic, Coulombic) binding interactions must decrease the free energy 

at the contact site to overcome resistive forces. Several proteins are known to form transient 

complexes with NP; large variations in their dissociation rates establish preferential binding 

interactions between specific particle types and the biological fluids in which they are 

suspended. The kinetics of NP–protein association and dissociation, and concurrent exchange 

with free proteins in the media, has important roles in determining the NP interactions with 

biological surfaces and receptors. Although the presence and composition of the protein corona 

was not determined in the current study, the protein corona formation around ZnO-NP in 

DMEM medium including 10% FBS is well documented in literature (Kwon et al., 2014a). The 

nature of the NP surface controls which biomolecules interact with the particles, and hence 

might mediate or limit their access to cells (Nel et al., 2009). Thus, it seems that the specific 

conditions employed in our experiments, especially regarding the use of medium supplemented 

with FBS, are limiting in some way the entry of ZnO-NP into the neuronal cells. 

4.3.4.  Cell cycle 

Cell percentages in the different phases of the cell cycle (G0/G1, S, and G2/M) were 

assessed by FCM after ZnO-NP treatment. SH-SY5Y cells were exposed to 20, 30 and 40µg/ml 

ZnO-NP for 3 and 6h; data obtained are collected in Figure 4.5. 
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Figure 4.5. Results of cell cycle analysis in neuronal cells treated with ZnO-NP for 3h 

(a) or 6h (b) (percentage of cells in each phase). *P<0.05; **P<0.01; significant 

difference with regard to the corresponding negative control. PC: positive control. 

Results from the cell cycle analysis showed that the ZnO-NP induce important cell 

cycle alterations, including mitotic arrest, in SH-SY5Y cells after both 3 and 6h treatments. 

Specifically, ZnO-NP induced decreases in the percentage of cells in G0/G1 and G2/M phases, 

and an increase in the percentage of cells in S-phase. Besides, significant dose-response 

relationships were found in phase G2/M (r = -0.631, P<0.01) at 3h, and in phase S (r = 0.759, 

P<0.01) and G2/M (r = -0.743, P<0.01) at 6h.  

 Similar to these results, ZnO-NP were also recently found to induce cell cycle arrest at 

S/G2 phase in human breast adenocarcinoma MCF-7 and mouth epidermal carcinoma KB cells 

exposed for 24h (100-300µM) leading to apoptosis (Sasidharan et al., 2011), and G2/M cell 

cycle arrest in neural Schwann RSC96 cells treated for 12h (8-80µg/ml) (Yin et al., 2012). 

4.3.5.  Apoptosis  

In order to figure out whether ZnO-NP are able to induce apoptosis cell death, SH-SY5Y 

cells were treated with these NP and annexinV/PI staining was carried out and analysed by 

FCM. Results obtained can be seen from Table 4.3. ZnO-NP exposure for both 3 and 6h 

resulted in increases in apoptotic rates as compared to the control. 

ZnO-NP were previously reported to induce cell death in a variety of cell lines under 

experimental conditions similar to this study, such as head and neck squamous carcinoma 

derived cells (HNSCC) (Hackenberg et al., 2014), human umbilical vein endothelial cells 

(Paszek et al., 2012), or mouse neural stem cells (Deng et al., 2009). 

Apoptosis can be mediated by different routes; the best characterized and the most 

prominent ones are called the extrinsic and intrinsic pathways. In the extrinsic pathway (also 

known as “death receptor pathway”), apoptosis is triggered by the ligand-induced activation of 

death receptors at the cell surface. Key event in the intrinsic pathway is disruption of the 

mitochondrial trans-membrane potential. This leads to osmotic mitochondrial swelling with 
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subsequent rupture of the outer mitochondrial membrane, resulting in the release of pro-

apoptotic elements (e.g. cytochrome c, apoptosis inducing factor) from the mitochondrial 

intermembrane space into the cytoplasm. Cytochrome c induces the formation of apoptosome 

which binds to downstream caspases, such as caspase-9, and processes them into proteolytically 

active forms. Active caspase-9 further mediates activation of effector caspases resulting in 

apoptosis (Galluzzi et al., 2007; Henry-Mowatt et al., 2004; Kroemer et al., 2007). 

Table 4.3. Apoptotic rates (%) in neuronal cells after ZnO-NP exposure. 

  3h  6h 

    Annexin-V MMP  Annexin-V MMP 

Control  4.71±0.27 4.93±0.33     6.94±0.34 5.03±0.52 

ZnO-NP 20µg/ml  6.63±0.15** 7.57±0.24**    9.80±0.98** 3.52±0.48 

30µg/ml 6.38±0.31** 6.91±0.72    8.17±0.37 7.68±1.74 

40µg/ml  6.33±0.21** 5.62±0.49    8.98±0.74 5.62±0.69 

PC   8.28±0.14** 6.69±1.09   10.27±0.41** 9.57±0.70**

**P<0.01; significant difference with regard to the corresponding negative control. 

PC: positive control. 

When this crucial step of mitochondrial membrane depolarization was analysed in ZnO-

NP treated SH-SY5Y cells, only slight increases in MMP with just a statistically significant 

result at 20µg/ml after 3h of exposure was observed (Table 4.3). Hence, our results suggest that 

ZnO-NP induce cell death mainly by a mitochondria-independent pathway. Some previous 

studies reported mitochondrial alterations after ZnO-NP treatments in other different 

experimental systems (De Berardis et al., 2010; Li et al., 2012a; Sharma et al., 2012; Wang et 

al., 2014a). Nonetheless, in the studies by Sharma et al. (2012) and Wang et al. (2014) NP were 

efficiently taken up by HepG2 cells and primary astrocytes, respectively. Moreover, penetration 

of NP in LoVo cells was not evaluated in the work by De Berardis et al. (2010), and Li et al. 

(2012a) exposed rat mitochondrion directly to the ZnO-NP. Thus there are substantial 

differences between these studies and the current one, which may justify our different results 

regarding involvement of mitochondria in the ZnO-NP induced apoptotic cell death. 

4.3.6.  Genotoxicity 

ZnO-NP were previously reported to induce genotoxicity in other different human cell 

types including HepG2 cells (Sharma et al. 2012), lymphocytes (Sliwinska et al., 2015), and 

hepatocyte and embryonic kidney cells (Guan et al., 2012). However, studies evaluating the 

effects of these NP on genetic material of neuronal cells are still limited. Therefore, the potential 

of ZnO-NP to induce genotoxic damage in SH-SY5Y neuroblastoma cells was evaluated in this 
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study by combination of three different genotoxicity biomarkers, i.e., MN test, comet assay and 

γH2AX analysis. 

In vitro MN scoring by FCM with measurement of two parameters, fluorescence from PI 

and light scattering, was used to estimate the frequency of MN in SH-SY5Y cells after treatment 

with 20, 30 and 40µg/ml ZnO-NP for 3 and 6h (Figure 4.6). Exposure did not induce MN 

production after 3h. However, important dose-dependent MN induction was observed after 6h 

treatment (r=0.635, P<0.01). 
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Figure 4.6. Results of MN evaluation in SH-SY5Y cells treated with ZnO-NP. 

*P<0.05, **P<0.01, significant difference with regard to the corresponding negative 

control. PC: positive control. 

Despite increasing population exposure to ZnO-NP, studies about their potential 

genotoxicity using MN test still remain controversial. Corradi et al. (2012) reported that there 

was no significant increase in MN rate for ZnO-NP on A549 human lung carcinoma cells, 

except at the highest dose tested (50µg/ml) in the presence of 10% serum. But our results are 

very parallel to the findings of Wahab et al. (2011), who reported positive induction of MN in 

human U87 glioma cells treated with ZnO-NP at concentrations similar to ours (15.6µg/ml and 

31.2µg/ml) for 24h. 

Furthermore, although increases in the levels of H2AX phosphorylation were observed in 

all cases, statistically significant values were obtained only at the 30µg/ml treatments (Figure 

4.7), similar to γH2AX activation that was observed in a time-dependent manner after ZnO-NP 

application to macrophages of Balb/c mice (Roy et al., 2014). As mentioned earlier, it has been 

reported that γH2AX is required for G2/M arrest, hence there is connection between γH2AX 

level and normal G2/M progression (Fernandez-Capetillo et al., 2002). Observed γH2AX after 

30µg/ml ZnO-NP exposure would explain the G2/M arrest induced by ZnO-NP at the same 

concentration. 

The DNA damaging potential of the ZnO-NP was assessed by the comet assay, which 

detects SSB as well as DSB, alkali labile sites, and incomplete excision repair places. DNA 
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damage was measured as %DNA in the comet tail in control cells and in cells exposed to ZnO-

NP. Cells exposed to different concentrations of NP showed significantly more DNA damage 

than control cells at all concentrations and times tested, excepting for the highest concentration 

after the 6h exposure (Figure 4.8). 
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Figure 4.7. Results of γH2AX evaluation in SH-SY5Y cells treated with ZnO-NP. 

*P<0.05, **P<0.01, significant difference with regard to the corresponding negative 

control. PC: positive control. 

These results are in accordance with previous studies in which positive genotoxic effects 

of ZnO-NP from the comet assay were observed in CaCo-2 cells (Gerloff et al., 2009), human 

lymphocytes and sperm cells (Gopalan et al., 2009), human lymphoblastoid TK6 cells (Demir et 

al., 2014a), human hepatoblastoma C3A cells (Kermanizadeh et al., 2012), human embryonic 

kidney HEK293 cells and mouse embryonic NIH/3T3 fibroblasts (Demir et al., 2014a), and 

human skin melanoma A375 cells (Alarifi et al., 2013). 
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Figure 4.8 Results of comet assay in SH-SY5Y cells treated with ZnO-NP. *P<0.05, 

**P<0.01, significant difference with regard to the corresponding negative control. PC: 

positive control. 

Among all 21 comet assay publications about these NP in the literature (reviewed by 

Golbamaki et al., 2015), only two studies reported no positive results with in vivo mice bone 
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marrow cells (Kwon et al., 2014b) and human lymphocyte cells (Sarkar et al., 2014b). In both of 

those studies the size of agglomerates was about 200nm; therefore, large size due to 

agglomeration is one possible explanation for the negative results that we obtained for the 

highest concentration after 6h exposure. 

When we look at the of ZnO-NP induced genotoxic damage evaluated in this study by 

several genotoxicity biomarkers, comet assay results revealed that significant primary DNA 

damage was already induced at 3h exposure. But statistically important MN induction could be 

only observed after 6h exposure, accompanied by an increase in phosphorylation of the histone 

H2AX at both exposure times. It should be taken into account that the highest concentration of 

ZnO-NP used (40g/ml) induced around 40% of cytotoxicity at 3 and 6h, so this fact can be 

influencing the non-significant results obtained with this concentration for histone 

phosphorylation (at both treatment times) and comet assay (at 6h). 

ZnO-NP were previously reported to induce genotoxicity in other different cells types 

including primary keratinocytes (Sharma et al., 2011), fibroblasts (Chiang et al., 2012), 

epidermal A431 cells (Sharma et al., 2009), lung A549 cells (Fukui et al., 2015), cervix HEp-2 

carcinoma cells (Osman et al., 2010), liver HepG2 cells (Sharma et al., 2012), and embryonic 

kidney HEK293 cells and NIH/3T3 fibroblasts (Demir et al., 2014a). However, studies 

evaluating the effects of these NP on genetic material of neuronal cells are highly scarce. 

Particularly, Chiang et al. (2012) observed DNA damage after exposing rat primary neuronal 

cells to ZnO-NP, and Wahab et al. (2011) found results very parallel to ours in MN induction on 

human U87 glioma cells treated with different Zn nanostructures, at similar concentrations to 

those employed in the current study. 

4.3.7.  Oxidative DNA damage 

The OGG1-modified comet assay was used to investigate the ability of ZnO-NP to induce 

oxidative DNA damage in SH-SY5Y cells. Treatment of cells with NP showed that slides 

incubated with OGG1 accumulated significantly more DNA damage than those incubated only 

with buffer, indicating that this damage corresponds to oxidative damage (particularly, presence 

of 8-oxoG) (Figure 4.9). These results revealed the induction of oxidative DNA damage by 

ZnO-NP at all concentrations and treatment times tested, as evident by an increase in enzyme 

sensitive sites.  

The data agree with previous studies reporting increased values of oxidative stress and 

ROS production in cells treated by ZnO-NP, such as human lymphoblastoid TK6 cells (Demir 

et al., 2014b), human epithelial colorectal adenocarcinoma Caco-2 cells (Song et al., 2014), 

human skin melanoma A375 cells (Alarifi et al., 2013), human dermal neonatal fibroblasts 

(Ramasamy et al., 2014), human lung epithelial L-132 cells (Sahu et al., 2013), murine 
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macrophage RAW 264.7 cells (Wilhelmi et al., 2013), liver tissues of mice and rat (Yang et al., 

2015; Yousef and Mohamed, 2015), mouse bone marrow mesenchymal stem cells (Syama et al., 

2014), rat primary neuronal cells (Chiang et al., 2012), and rat retinal ganglion RGC-5 cells 

(Guo et al., 2013a, 2013b). 
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Figure 4.9. Results of OGG1-modified comet assay in neuronal cells treated with ZnO-

NP for 3h (a) or 6h (b). *P<0.05, **P<0.01, significant difference with regard to the 

corresponding buffer. PC: positive control. 

Besides, positive results in oxidative stress induced by ZnO-NP were also obtained in 

animal studies (Fukui et al., 2015; Hao and Chen, 2012; Sharma et al., 2012). Indeed, a very 

recent study on C3A hepatocytes reported a dramatic increase in both gluconeogenesis and 

glycogenolysis induced by ZnO-NP, and proposed the intracellular increase of ROS production 

as responsible for these effects (Filippi et al., 2015). 

4.3.8. Membrane integrity 

As expounded so far, although no cellular uptake of ZnO-NP was obtained in this study, 

these results showed induction of cytotoxic and genotoxic effects by these NP on neuronal cells. 

One possible reason to explain these effects is that ZnO-NP could potentially interact with the 

cell membrane to cause the observed toxicity. Thus, the potential alterations in the membrane 

integrity caused by ZnO-NP exposure were assessed by LDH assay. 

The colorimetric LDH release assay is a simple and robust method to assess effects of 

agents on cell membrane integrity by measuring the activity of LDH enzyme in the cell culture 

supernatant. Figure 4.10 shows that after a 3 or 6h incubation, ZnO-NP did not significantly 

increase LDH release in comparison with the controls, thus cell membrane was intact at all 

treatment concentrations. 

Similar to these results, Osmond-McLeod et al. (2013) reported that only after 24h 

exposure, but not after 2 or 6h, of human olfactory neurosphere-derived cells from healthy adult 

donors to ZnO-NP, cell membrane disruption was observed as measured by an increase in LDH 

activity in culture medium. 
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Figure 4.10.Results of membrane integrity assessment (LDH assay) in SH-SY5Y cells 

exposed to ZnO-NP. PC: positive control. 

In spite of these results, we cannot rule out the possible interaction of ZnO-NP with some 

component of the cellular membrane without altering its integrity. The contact with ion channels 

may disturb ionic homeostasis and consequently neuron physiological functions. This 

hypothesis can be supported with the study of Zhao et al. (2009) in which ZnO-NP were 

reported to enhance the excitability of rat neurons by increasing the opening number of sodium 

channels and delaying rectifier potassium channels. 

4.3.9. Cytotoxic effects of Zinc (II) ions  

In a very recent review Pandurangan and Kim,(2015) proposed three different 

mechanisms of ZnO-NP toxicity, depending on the cell type: (i) ZnO-NP dissolve in the 

extracellular region and increase the intracellular Zinc(II)ions level, which in turn reduces the 

activity of Zn-dependent enzymes and transcription factors; (ii) ZnO-NP enter the cells and 

dissolve in the intracellular region, which leads to the disruption of Zn-dependent enzymes and 

transcription factors; and (iii) ZnO-NP dissolve in the lysosomes that lead to the reduction of pH 

level and lysosomal destabilization. 

Hence, according to the first mechanism proposed, other possible reason to explain these 

positive results in cytotoxicity and genotoxicity assays in neuronal cells treated with ZnO-NP in 

the absence of NP uptake, is that toxicity might result from the zinc ions dissolved from the NP 

outside the cells and present either in the cell culture medium or intracellularly. This hypothesis 

was supported also by Deng et al. (2009) based on the fact that ZnO-NP induced cytotoxicity at 

different levels (cell viability, apoptosis and necrosis) in mouse neuronal stem cells, but they 

were not detectable inside the cells by electron microscopy. Moreover, extracellular dissolution 

of ZnO-NP and release of Zinc(II)ions have been reported to induce cell death in human T-cell 
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leukaemia Jurkat cells (Buerki-Thurnherr et al., 2012), mouse macrophage Ana-1 cells (Song et 

al., 2010), or apically-exposed rat alveolar epithelial cell monolayers (Kim et al., 2010a). 

Furthermore, it was previously demonstrated that increases in intracellular levels of Zinc 

(II) ions released from ZnO-NP were correlated with high levels of ROS and, consequently, 

with cell death in ZnO-NP exposed human immune cells (Shen et al., 2013), human monocyte-

derived macrophages, monocyte-derived dendritic cells, and Jurkat T cells (Tuomela et al., 

2013), agreeing with the positive results obtained in our study from apoptosis and oxidative 

DNA damage assessments. Contrarily, Lin et al. (2008) concluded that neither free Zinc(II)ions 

nor metal impurity in the ZnO-NP samples was the cause of the observed cytotoxicity and 

oxidative stress in A549 cells treated with these NP. 

Regarding the brain, zinc is an essential nutrient for normal neurological functions and 

may play an important role in the processing of memory formation (Daniels et al., 2004). To 

understand the possible effects of this ion in brain cells is particularly relevant as transition 

metals (such as Zn) may contribute to the aetiology of neurodegenerative diseases, such as 

Alzheimer‘s disease, Parkinson‘s disease, amyotrophic lateral sclerosis, stroke or epilepsy 

(Pavlica et al., 2009). 

The tendency of ZnO-NP to dissolve in aqueous solutions, especially biological fluids, 

has been well documented, but the relative contributions of nanoparticulated and dissolved zinc 

to the mechanism(s) of toxicity remain very challenging to assess directly. The failure of 

conventional imaging techniques or FCM to detect cellular uptake of ZnO-NP has been 

suggested to be likely a consequence of complete or partial ZnO dissolution (Gilbert et al., 

2012). 

To determine the amount of Zinc (II) ions released from ZnO-NP, we incubated them (2- 

55µg/ml) in complete cell culture medium for 3, 6 or 24h, and measured the Zinc (II) ions 

concentrations by FAAS in the liquid supernatant fraction. Results obtained were very similar at 

all the treatment times tested  (Figure 4.11). A dose-dependent linear increase in Zinc (II) ions 

was observed in the medium up to approximately 30µg/ml ZnO-NP; then a plateau was reached 

at around 0.3mM Zinc (II) ions. 

Other studies reporting experiments of Zinc(II)ions release from ZnO-NP showed similar 

Zinc(II)ions concentrations in DMEM (Reed et al., 2012), but lower in seawater (Wong et al., 

2010) or in complete minimal essential medium (Sharma et al., 2012). But Reed et al. (2012) 

demonstrated, using nanopure water and different cell culture media, that solubility of ZnO-NP 

may be highly variable and dependent on the matrix they are suspended in. 

In the study of Gilbert et al. (2012) X-ray microprobe data showed that BEAS-2B cells 

exposed to ZnO-NP accumulate zinc from solution and that only organic-complexed ionic 

Zinc(II)ions is present intracellularly one hour following exposure. This finding strongly 
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indicates that ZnO-NP toxicity is caused by free or complexed Zinc(II)ions within cells, and not 

by reactions occurring on the surfaces of internalized solid phase ZnO-NP (Nel et al., 2009). 

However, these studies do not reveal whether the uptake of Zinc (II) ions or ZnO-NP is the 

dominant pathway for internalizing Zn. This question was addressed by combined scanning 

transmission X-ray microscopy (STXM) and atomic force microscopy (AFM) studies of BEAS-

2B cells exposed to less-soluble iron-doped and undoped ZnO-NP, which provided evidence 

that less soluble NP were more readily internalized than the soluble ZnO-NP (Gilbert et al., 

2012). As dissolution is affected by several physicochemical factors and the bio-reactivity of NP 

may be greatly influenced by their biological environment, dissolution characteristics of ZnO-

NP might be associated with their possible toxic behaviour. 
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Figure 4.11. Analysis of Zn (II) ions released from ZnO-NP in cell culture medium. 

We further examined the toxicity of released Zinc (II) ions on SH-SY5Y cells in order to 

test whether cytotoxicity and genotoxicity previously observed for ZnO-NP were due to these 

ions. Cells were treated with a soluble Zn salt (ZnSO4) to obtain Zinc(II)ions at a range of 

concentrations including the ones obtained as released from ZnO-NP (0.05-0.8mM) (Figure 

4.11). As it can be seen from the Figure 4.12, Zinc (II) ions exerted cytotoxicity (MTT assay), 

only at doses higher than 0.4mM (0.6 and 0.8mM).  

Previous analysis by FAAS had shown that ZnO-NP released Zinc (II) ions to the 

medium at levels up to 0.3mM, but results of these last experiments suggested that this amount 

was insufficient to cause toxicity. Therefore, the observed decrease in neuronal cell viability by 

exposure to ZnO-NP was due to the NP themselves rather than to the Zinc (II) ions released 

from them. These results are in agreement with those of Lin et al. (2008) and Xu et al. (2013), 

who demonstrated that cytotoxicity associated with ZnO-NP is not a function of Zinc(II)ions 
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concentration, although these studies used different cellular systems and exposure conditions; 

they also suggested that other factors may play an important role in the toxic effect of ZnO-NP. 
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Figure 4.12. Cytotoxicity of Zinc (II) ions: MTT assay in SH-SY5Y cells treated with 

ZnSO4. **P<0.01, significant difference with regard to the negative control. 

Still, as Zinc(II)ions were released from the ZnO-NP even at the lowest concentrations, 

the possibility that these ions are involved in the genotoxic and cytotoxic effects observed in 

this study cannot be excluded, since experiments aimed at testing the toxic potential of 

Zinc(II)ions on SH-SY5Y cells were only focused on cell viability decrease. 

Recently, it was proposed that ZnO-NP cytotoxicity requires direct particle-cell contact 

and uptake, resulting in the release of high intracellular concentrations of Zinc(II)ions from 

ZnO-NP dissolution within lysosomes and late endosomes (Saptarshi et al., 2015; Shen et al., 

2013; Turney et al., 2012). Nevertheless, these results prove that scenario wrong in the current 

experimental conditions: ZnO-NP do not have to enter the cells to induce harmful effects at the 

cytogenetic and molecular level. However, the question of whether toxic effects, different from 

decrease in cell viability, are caused by increase of intracellular Zinc(II)ions due to NP 

dissolution in medium still remains to be resolved. 

4.4. CONCLUSIONS 

In the present study we investigated the effects ZnO-NP on the human SH-SY5Y 

neuroblastoma cell line, exploring the different mechanisms underlying their cytotoxic and 

genotoxic potential. Taken all results of this study together we can draw the following 

conclusions: 

1. MTT and NRU assays revealed that ZnO-NP exposure induced significant concentration-

dependent decreases in neuronal cell viability from 25µg/ml on at all treatment times 

tested. 
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2. According to FCM analyses, ZnO-NP were not taken up by the neuronal cells at any 

experimental condition assayed. 

3. Exposure of neuronal cells to ZnO-NP caused important cell cycle alterations, including 

mitotic arrest, and apoptosis induction scarcely associated with losses of the mitochondrial 

membrane potential, indicating that it was mainly mediated by a mitochondria 

independent pathway. 

4. ZnO-NP produced genotoxicity in neuronal cells: primary DNA damage and H2AX 

phosphorylation since 3h exposure and MN induction after 6h exposure. 

5. ZnO-NP caused increases in oxidative DNA damage at all concentrations and times 

tested. 

6. ZnO-NP did not alter neuronal cell membrane integrity, although the possible interaction 

of these NP with some component of the cell membrane without altering its integrity 

cannot be ruled out. 

7. ZnO-NP released Zinc (II) ions to the cell culture medium at levels up to 0.3mM, but this 

amount was insufficient to cause decrease in neuronal cell viability. Therefore, the 

observed decrease in viability by exposure to ZnO-NP was due to the NP rather than to the 

Zinc (II) ions dissolved from them. 

The results obtained in this work contribute to increase the knowledge on the cytotoxic 

and genotoxic potential of ZnO-NP in general, and specifically on human neuronal cells. Since 

neurotoxic effects of these NP at different levels were demonstrated in this study, although their 

mechanism of action still needs clarification, further investigations are needed to develop the 

necessary safety precautions and exposure limits for people working with materials containing 

ZnO-NP and those who might be exposed to them when they are implemented in commercial, 

industrial, and medical applications 
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5.1. INTRODUCTION 

Iron is one of the most abundant of all metals, comprising nearly 5.6% of the earth crust 

and nearly all of the earth core (McDonald et al., 2010; Morgan and Anders, 1980). Metallic 

iron is rarely found on the surface of the earth because it tends to oxidize. Iron forms 

compounds mainly in the +2 and +3 oxidation states. Traditionally, iron (II) compounds are 

called ferrous and iron (III) compounds ferric. There are also iron oxides with six different 

crystal structures composed of ferrous or ferric iron centres and oxygen: hematite (α-Fe2O3), 

magnetite (Fe3O4), maghemite (γ-Fe2O3), β-Fe2O3, ε-Fe2O3 and wüstite (FeO) (Martinez, 2009). 

Iron is essential for the functioning of many biochemical processes, including electron 

transfer reactions, gene regulation, binding and transport of oxygen, and regulation of cell 

growth and differentiation (Beard, 2001). Thus, iron plays an important role in biology, forming 

complexes with molecular oxygen in haemoglobin and myoglobin; iron compounds are 

common oxygen transport proteins in vertebrates (Oliveira, 2012). 

Iron is both an essential nutrient and a potential toxicant to cells; it requires a highly 

sophisticated and complex set of regulatory approaches to meet the demands of cells as well as 

prevent excess accumulation (Beard, 2001). Iron is also the metal at the active site of many 

important redox enzymes dealing with cellular respiration and oxidation, and reduction in plants 

and animals (Tamás and Martinoia, 2006)., its ability to both donate and accept electrons thus 

means that it can be harmful when present in high concentrations. When not bound to functional 

proteins, free iron can participate in the Fenton reaction that leads to the production of ‘free 

radicals’ unwanted by-products of the reaction between free iron and hydrogen peroxide 

(Tomasi et al., 2003). This, in turn, can lead to the detrimental oxidation of molecules including 

DNA, lipids and carbohydrates, which causes damage to cells and tissues (Vaziri, 2013). 

As clinically approved metal oxide NP, iron oxide nanoparticles (ION) hold immense 

potential in a vast variety of applications in various fields of biomedicine and biotechnology 

(Singh et al., 2010). Owing to their small size, they are an ideal platform for use as nanocarriers 

in drug delivery. A further advantage of ION is that due to their magnetic properties, mainly 

superparamagnetism, they can be used as contrast agents for nuclear magnetic resonance 

imaging (MRI). In fact, currently there are six FDA approved ION contrast enhancement 

agents: Feridex®, Endorem™, GastroMARK®, Lumirem®, Sinerem®, and Resovist® (FDA 

2015). Their magnetic response to external magnetic fields can be even used for local 

overheating of cancer tissues, known as hyperthermia therapy. Among these biomedical 

applications, magnetic properties of ION can be also fully explored in separation techniques of 

various (bio) substances or pollutants. 

However, only magnetite and maghemite have been found to be functional and promising 

candidates in biomedical and biotechnological applications due to their favourable magnetic 

properties (Gupta and Gupta, 2005; Pankhurst et al., 2003; Tuček et al., 2014). Since the 
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unpaired electrons make a material magnetic, iron oxide is less magnetic than iron due to having 

only two unpaired electrons. Iron oxide is therefore called a paramagnetic material (Boysen and 

Muir, 2011). More importantly, if the size of γ-Fe2O3 or Fe3O4 NP falls below a certain 

threshold (usually below ~15nm), they display superparamagnetism (Hola et al., 2015). This 

means that each individual particle has a large constant magnetic moment and behaves like a 

giant paramagnetic atom with a fast response to applied magnetic fields. Upon application of a 

magnetic field, the ION align in the direction of the field and this gives rise to be manipulated 

by an external magnetic field gradient (Hola et al., 2015; Issa et al., 2013). In contrast to 

multiple-domain ferromagnetic materials that retain their magnetism even after the removal of 

the magnetic field, superparamagnetic NP lose their magnetization when the magnetic field is 

switched off. This feature makes superparamagnetic NP very attractive for a broad range of 

biomedical applications (Huber, 2005). 

For biomedical and biotechnological applications, the surface of commercially available 

maghemite and magnetite NP may be modified by coating with different materials such as: 

polymeric coatings (dextran, citrate, polyethylene glycol, polyacrylic acid, etc.), inorganic 

molecules (silica, gold, silver, platinum, palladium, iron, carbon) and numerous biological 

molecules (polypeptides, proteins, antibodies, biotin, etc.) (reviewed in Singh et al., 2010). 

Surface modification not only stabilizes ION in an environment of slightly alkaline pH or high 

salt concentrations, but also allows biomolecule binding favouring surface attachments between 

ION and antibodies, peptides, hormones or drugs then magnetically targeted to a particular 

tissue/organ in order to benefit a therapeutic or diagnostic application (Sadeghiani et al., 2005). 

Furthermore, naked metallic NP are chemically highly active, and are easily oxidized in 

air, resulting generally in loss of magnetism and dispersibility (Lu et al., 2007). For example, in 

MRI a better image can be obtained if paramagnetic NP are attached to the object of interest. 

Thus, functionalizing ION by coating them with molecules that are attracted to cancer tumours 

contributes to MRI image improvement (Boysen and Muir, 2011). Moreover, naked NP can be 

easily trapped by the immune system as foreign materials, which means that they cannot reach 

the target (Santhosh and Ulrih, 2013). Surface modification adds functions including prolonging 

the recognition time by the immune system or treating unhealthy cells and tissues (Hola et al., 

2015). 

Given that iron oxides occur naturally in the earth crust or are engineered for specific 

purposes, the major concern is the increased exposure level to humans and the ecosystem as 

more and more ION are being manufactured to meet the demands of the rapidly proliferating 

field of nanomedicine (Borm et al., 2006). The dramatic growth and the therapeutic benefits that 

ION have to offer, accompanies the concerns associated with the risks of their exposure 

(Maynard et al., 2006, 2010). Efforts to achieve the maximum therapeutic effect can lead to iron 

overload at the target site and the disruption of iron homeostasis, promoting ROS generation 

(Soenen et al., 2011). 
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Therefore, there is a considerable need to address biocompatibility and biosafety concerns 

associated with their usage in a variety of applications. So far there are some inconsistencies in 

the literature about toxicological assessment of ION in different cell systems and interpretation 

of the results. Despite those contradictory results, ION are generally considered as 

biocompatible (Kunzmann et al., 2011) and associated with low toxicity to the human body 

(Jeng and Swanson, 2006;Karlsson et al., 2009). Nonetheless, exposure to ION has been 

associated with significant toxic effects such as inflammation, formation of apoptotic bodies, 

impaired mitochondrial function (MTT assay), alterations in membrane integrity (LDH assay), 

generation of reactive oxygen species (ROS), increase in MN, and chromosome condensation 

(Singh et al., 2010) (Figure 5.1). These effects of ION seem to be affected by dose, exposure 

time, surface coating, and cell type. 

 

Figure 5.1. Cellular toxicity induced by ION (from Singh et al., 2010). 

Some in vitro studies comparing several types of ION showed them to be very low toxic 

or nontoxic at all. For instance, low cytotoxicity and no genotoxicity of Fe2O3 and Fe3O4 was 

reported in human alveolar epithelial cells A549 (Karlsson et al., 2009). L-929 fibroblast cells 

also revealed no toxicity from either Fe3O4 and mesoporous silica composites (Huang et al., 

2012), or from meso-2,3-dimercaptosuccinic acid (DMSA) coated maghemite NP (Auffan et al., 

2009). Likewise, human lymphoblastoid cells treated with uncoated ION (Fe2O3) (Singh et al., 

2012), or Chinese hamster lung cells treated with glutamic acid coated ION (Fe2O3) (Zhang et 

al., 2012) did not show genotoxic response. 

On the contrary, several reports have stated that these particles can in fact exert drastic 

effects on the cell wellbeing. ION modified with different functional groups induced a dose-

dependent reduction in viability of L-929 fibroblast cells (Hong et al., 2011). Similarly, Li et al. 
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(2012b) indicated that uncoated magnetite NP were toxic to human cervical cancer cells (HeLa) 

and immortalized normal human retinal pigment epithelial cells. 

Furthermore, in vivo studies comparing several types of ION also showed controversial 

results. Negative toxicity results were reported from mouse embryonic stem cells (Au et al., 

2009), human mesenchymal stem cells (Yang et al., 2011b), and leukocytes of Wistar rats 

(Singh et al., 2013). On the other hand, mice after intraperitoneal injection to Fe3O4 ION (Ma et 

al., 2012; Freitas, 2002; Wu et al., 2010b) and γ-Fe2O3 ION encapsulated within albumin based 

nanospheres (Estevanato et al., 2011) or intravenous administration of polyaspartic acid-coated 

magnetite ION (Sadeghiani et al., 2005), showed some levels of toxicity. 

With diameters in the range of a few tens of nanometres, it has been demonstrated in vivo 

that ION could pass across the blood-brain barrier (Qiao et al., 2012) and distribute along mice 

brain after intranasal installation (Wang et al., 2007). This ability makes them very eligible for 

medical applications on nervous system, especially drug delivery and imaging diagnostics 

purposes. 

In order to improve the delivery of contrast agents to the brain, ION were administered 

intravenously to individuals with neurological disorders. These ION have been used with this 

aim in multiple sclerosis in the central nervous system of humans (Dousset et al., 2006; 

Manninger et al., 2005) and in rodent models (Dousset et al., 1999a, 1999b; Floris et al., 2004; 

Rausch et al., 2003, 2004), in stroke in human (Nighoghossian et al., 2007; Saleh et al., 2004) 

and in animal brains (Kleinschnitz et al., 2005; Schroeter et al., 2004), and in human or murine 

brain tumours (Neuwelt et al., 2004; Zimmer et al., 1995). 

Although the number of in vivo studies on ION neurotoxicity is restricted, Kumari et al. 

(2012) reported that Wistar rats exposed orally to ION (Fe2O3) for 28 days showed distribution 

of these NP to various organs, including brain, and toxic signs and symptoms, such as dullness, 

irritation and moribund conditions, but no mortality. Besides, intranasal ION (Fe2O3) exposure 

caused neuronal fatty degeneration and microglial proliferation in mice (Kim et al., 2013; Wang 

et al., 2011b). 

When ION functionalized with various surface chemicals were tested in different 

neuronal cell lines they also showed conflicting results. Exposure to DMSA-coated ION or 

naked ION (Fe3O4) caused a dose-dependent reduction of viability in PC12 rat cells (Pisanic et 

al., 2007). Also Soenen et al. (2011) reported that citrate-coated ION were the most toxic NP 

among the dextran-coated, carboxydextran-coated, and lipid-coated ION on PC12 cells. 

Furthermore, DMSA-coated Fe3O4 and Fe2O3 showed toxic effects on human glioma U251 cells 

(Chen et al., 2012b), whereas poly-L-lysine-modified ION did not show any effect on the same 

cells (Xiang et al., 2003). 

Among all the possible surface modifications for ION, silica (SiO2) cover has several 

advantages that make it especially suitable to be employed for medical purposes. For instance, 
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silica-coated ION (S-ION) are negatively charged at blood pH, helping to avoid aggregate 

formation in body fluids (Arruebo et al., 2007), and its transparent matrix allows the efficient 

passage of excitation and emission light, which is a relevant property for imaging diagnosis 

(Alwi et al., 2012). However, their potential toxicity on the nervous system has not been deeply 

addressed. Thus, further and more detailed studies, particularly those employing human neural 

cells, are required to identify any potential toxicity associated with the use of ION with 

particular surface coatings. 

Therefore, the objective of this study was to evaluate the toxicity of S-ION on human 

neuronal SH-SY5Y cells. To that aim, alterations in the cell cycle, cell death by apoptosis or 

necrosis, and membrane integrity were assessed as cytotoxicity parameters. Besides, 

genotoxicity was determined by γH2AX assay, MN test and comet assay. Complementarily, 

generation of oxidative stress and effects on DNA damage repair were also analysed. 

5.2. MATERIALS AND METHODS 

5.2.1. Nanoparticles: preparation and characterization 

Silica-coated magnetite nanoparticles (S-ION) were synthesized and prepared as stable 

water suspensions (5mg/ml) as described by Yi et al. (2006). Prior to each treatment, a stock 

suspension (1mg/ml) was prepared in SH-SY5Y culture medium and sonicated in a water bath 

for 5min. Serial dilutions were carried out to obtain the different test concentrations, and 

sonicated in water bath for an additional 5min period. 

Particle size and particle morphology were characterized by monolayer TEM using a 

HITACHI H-8100 microscope equipped with EDS (ThermoNoran, Thermo Scientific) operated 

at 200kV. Images were analysed using ImageJ public domain software. Average hydrodynamic 

size and zeta potential of particles in suspension were determined by DLS as described in 

section 3.2.1. 

X-ray photoelectron spectroscopy (XPS) was used to determine particle surface 

chemistry. The XPS analysis was performed using an ESCALAB 200A, VG Scientific (UK) 

with PISCES software for data acquisition and analysis. For analysis, an achromatic Al (Kα) X-

ray source (1486.6eV) operating at 15kV (300W) was used, and the spectrometer, calibrated 

with reference to Ag 3d5/2 (368.27eV), was operated in Constant Analyser Energy (CAE) mode 

with a pass energy of 20eV (ROI) and 50eV (survey). Data acquisition was performed with a 

pressure lower than 1x10-6P. Surface charging effect was corrected using the carbon peak as 

reference (285eV). The deconvolution of spectra was performed using the XPSPEAK41 

program, in which an adjustment of the peaks was performed using peak fitting with Gaussian-

Lorentzian peak shape and Shirley type background subtraction. 
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5.2.2.  Dissolved iron concentrations in the cell culture medium 

To analyse the release of iron ions from the S-ION, suspensions (10, 50, 100 and 

200µg/ml) were incubated in cell culture medium for 3, 6 and 24h at 37ºC. The iron content in 

the supernatant medium after removing the S-ION solid phase by centrifugation was analysed 

by FAAS as described previously in section 4.3.9. 

5.2.3.  Cell culture and treatments 

Human neuroblastoma SH-SY5Y cells (European Collection of Cell Cultures) were 

grown in nutrient mixture EMEM/F12 (1:1) with 1% non-essential amino acids, 1% antibiotic 

and antimycotic solution, supplemented with 10% heat inactivated FBS (all from InvitrogenTM) 

in a humidified incubator at 37°C with 5% CO2. 

To carry out the experiments, cells were seeded in 96-well plates (5–6 x104 cells/well), 

and allowed to adhere for 24h at 37°C prior to the experiments. For each experiment, these cells 

were incubated with S-ION and controls. Cell culture medium was used as negative control in 

all experiments. The following chemicals were used as positive controls: Campt (10μM) for 

apoptosis, triton X-100 (1%) for membrane integrity and viability; MMC (1.5µM) for cell cycle 

and MN test; BLM (1µg/ml) for comet assay and γH2AX analysis, H2O2 (1µM for 15min) for 

comet assay and DCFH assay, and DEM (2µl/ml) for glutathione determination. 

5.2.4.  Cellular viability 

The effect of S-ION (5-300µg/ml for 3, 6 or 24h) on viability of SH-SY5Y cells by the 

MTT and NRU assays, and acellular experiments to check possible interferences between NP 

and assay procedures were performed as described in section 3.2.3. 

From the results of cell viability assays, four treatment doses (10, 50, 100 and 200µg/ml) 

and two exposure times (3 and 24h) were selected to perform further experiments. 

5.2.5.  Cellular uptake 

The potential of the S-ION to be uptaken by the cells was evaluated by FCM as reported 

in section 3.2.4. 

5.2.6.  Cell cycle 

 The cell distribution along the different phases of the cell cycle was examined in cells 

treated with S-ION or the controls by measuring the relative cellular DNA content with FCM as 
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described in section 3.2.5. Complementarily, subG1 region of the cell cycle distribution was also 

evaluated, as indicative of the late stages of apoptosis. 

5.2.7.  Apoptosis and necrosis 

BD Pharmingen™ Annexin V-FITC apoptosis detection kit was used to measure 

apoptosis cell death that may be potentially induced by S-ION treatment, by means of FCM as 

already described in section 3.2.6.1. Additionally, late apoptosis/necrosis was determined as the 

percentage of annexin V+/PI+ cells. 

5.2.8. Membrane integrity 

Effect of S-ION treatment on neuronal cell membrane integrity was measured by LDH 

assay as described in section 4.2.10. 

5.2.9.  Genotoxicity 

5.2.9.1. Micronuclei evaluation by flow cytometry 

MN induction after incubation of SH-SY5Y cells with S-ION was measured by FCM as 

described previously in section 3.2.7.1. 

5.2.9.2.  γH2AX assay  

The effect of S-ION on H2AX histone phosphorylation was analysed by FCM as reported 

in section 3.2.7.2. 

5.2.9.3. Comet assay  

To evaluate primary DNA damage induction after treating neuronal cells with S-ION, the 

alkaline comet assay was performed as described in section 3.2.7.3. 

5.2.10. Oxidative stress 

5.2.10.1. DCFH Assay  

As mentioned earlier, researchers have already reported the interference of different types 

of NP with the fluorescence emission of DCFH-DA fluorimetric dye frequently used for 

oxidative stress measurements, in both cell-free systems and cellular models (Aranda et al., 

2013; Doak et al., 2009; Kroll et al., 2012). Hence, in order to check ROS generation potential 
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of S-ION and rule out their potential interference with fluorimetric probe, an acellular DCFH 

assay was performed as described in previous publications (Foucaud et al., 2007; Pal et al., 

2011; Rota et al., 1999), with some modifications for dye preparation as well as for ROS 

measurements.  

Firstly, as there are no cells present, DCFH-DA must be hydrolysed to DCFH. Briefly, 

11.62μl of 0.89mM DCFH-DA chloromethyl derivative dye [5-(and-6)-chloromethyl-2',7'-

dichlorodihydrofluorescein diacetate, acetyl ester] (CM-H2DCFDA) (molecular probes ®C-

6827)], were chemically hydrolysed in 20μl of 0.01N NaOH in the dark for 30min at room 

temperature, followed by neutralizing with 988.38μl of 0.1M PBS (pH 7.4). Following 

hydrolysis, 25μl of the 10μM DCFH obtained were added to the 96-well plate containing ION 

alongside a blank and a positive control (1μl of 50mM H2O2), in triplicate. Only to the wells 

containing H2O2, horseradish peroxidase (HRP) enzyme (1μl) was added. After 60min 

incubation on ice in the dark, fluorescence generated from the oxidation of DCFH to DCF was 

measured using a microplate multimode reader (TriStar LB 941, Berthold technologies) at 

485nm excitation and 520nm emission wavelengths.  

Next, intracellular ROS generation was estimated by using a commercial kit (Cellular 

ROS Detection Assay Kit, Abcam/Mitosciences) in a 96-well microplate, generally following 

the manufacturer’s instructions. Different protocols were followed for measurement of ROS 

generation for 3 and 24h of S-ION incubation due to instability of DCFH-DA for treatments 

longer than 6h. 

For 3h treatments cells were seeded in 96 well plates and allowed to adhere for 24h. 

Medium was aspirated and cells were washed twice with PBS and incubated with DCFH-DA 

dye at a concentration of 10µM in 100µl/well. Plates were kept in a 37°C, 5% CO2 atmosphere 

for 45min. Following incubation, the dye solution was removed; cells were washed twice with 

PBS and incubated with S-ION (10, 50, 100, 200 µg/ml) at 37ºC. Afterwards, the fluorescence 

of oxidized DCF dye was immediately measured at the respective excitation and emission 

wavelengths of 490nm and 545nm in a TECAN GENios plate reader. The results were 

calculated and presented as percentage of ROS generation in comparison with the negative 

control.  

For intracellular ROS measurements with 24h exposure to S-ION, after exposing cell to 

S-ION for 24h, NP suspensions were removed and 100µg/ml DCFH-DA dilutions were over 

laid on top of the treated cells and they were incubated for additional 45min. Following the 

incubation, the fluorescence of oxidized DCF dye was immediately measured in a TECAN 

GENios plate reader using the conditions described above. 
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5.2.10.2. Glutathione determination  

Glutathione content and GSH:GSSG ratio after S-ION exposure was measured by a 

colorimetric method described previously in section 3.2.8.2. 

5.2.10.3. Oxidative DNA damage 

The level of oxidative DNA damage induced by S-ION was analysed by OGG1 enzyme 

modified comet assay, as described in section 3.2.8.1. 

5.2.11. DNA repair competence assay 

The experimental design described by Laffon et al. (2010) was followed to evaluate the 

effects of S-ION on DNA damage repair. It consisted of three consecutive phases: (i) in phase A 

(pre-treatment) cells were incubated for 3 or 24h in the presence or absence of S-ION (50µg/ml) 

at 37°C; (ii) in phase B (DNA damage induction) cells were challenged with H2O2 (100µM) for 

5min at 37°C in the presence or absence of S-ION (50µg/ml); and (iii) in phase C (repair) cells 

were washed in fresh medium to remove treatment, and incubated with or without S-ION (50 

µg/ml) for 30min at 37°C to allow DNA repair. Alkaline comet assay was then performed after 

phase B (data labelled as “before repair”) and phase C (data labelled as “after repair”) as 

described previously in section 3.2.7.3. 

Additionally, cells were treated with S-ION (50µg/ml) for 30min and the comet assay 

was performed immediately after. This was done to test whether 30min incubation with S-ION 

(as occurs in phase C) might induce significant damage to DNA. 

5.2.12. Statistical analysis 

Statistical analyses were performed using SPSS for Windows statistical package (version 

21.0). A minimum of three independent experiments were performed for each experimental 

condition tested, and each condition was always run in duplicate and under blind conditions. 

Experimental data were expressed as mean ± standard error. Distribution of the response 

variables departed significantly from normality (Kolmogorov-Smirnov test) and therefore non-

parametric tests were considered adequate for the statistical analysis of these data. Differences 

among groups were tested with Kruskal–Wallis test and Mann–Whitney U-test. The 

associations between two variables were analysed by Spearman’s correlation. A P-value of less 

than 0.05 was considered significant. 
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5.3. RESULTS AND DISCUSSION 

Magnetic nanoparticles were one of the first nanomaterials to be approved for clinical use 

(Gould, 2006). In general, knowledge about ION toxic effects indicates that they mainly depend 

on NP size and surface coating (Rivet et al., 2012). Together with ROS production and iron ion 

release, other forms of cytotoxicity reported after ION exposure which may be or may be not 

related to these mechanisms include cell cycle alterations (Wu and Sun, 2011), decreases in cell 

viability (Wang et al., 2010), cytoskeleton alterations (Wu et al., 2010), and disruption of the 

mitochondrial membrane potential (Zhu et al., 2010). Besides, because of their ability to 

overcome the restraints of the BBB (Thomsen et al., 2013), they have been used as carriers for 

the transport of drugs, siRNA, or DNA into the brain. Still, little is known on the effects of ION 

on the human nervous system. Few studies were published regarding the in vitro neurotoxicity 

of ION on human neural cell lines, and results obtained were not consistent (Chen et al., 2012b; 

Kenzaoui et al., 2012; Xiang et al., 2003). 

Due to its chemical stability, coating with silica can transform ION by increasing their 

biocompatibility and offering the capacity to functionalize their surface without affecting 

magnetic properties (Kolhatkar et al., 2013; Larumbe et al., 2012; Rittikulsittichai et al., 2013). 

Moreover, silica-coating helps to convert hydrophobic NP into hydrophilic water-soluble 

particles (Wu et al., 2008). Nevertheless, despite the numerous advantages and potential 

applications in neuromedicine, the possible neurotoxicity of S-ION has not been completely 

discarded yet. In this part, the possible toxicity of S-ION on human neuroblastoma cells at 

different levels was evaluated using a range of concentrations and treatment times. 

5.3.1.  Nanoparticle characterization 

Characterization of NP is the most essential part of nanotoxicological studies. The 

behaviour and activity of NP is largely dependent on a number of physical and chemical 

properties such as particle number, mass concentration, surface area, charge, chemistry and 

reactivity, size distribution, aggregation, elemental composition, as well as structure and shape. 

Therefore, a complete characterization is essential for better understanding and interpretation of 

results. In this study, characterization of S-ION was done in deionized water and complete cell 

culture medium (DMEM-F12) using TEM, DLS and XPS. Table 5.1 describes physicochemical 

features of S-ION used in this study. 

Surface chemistry analysis revealed that only a small fraction of the S-ION surface 

presents iron (less than 2%). S-ION also presented carbon and nitrogen on their surface, 

possibly resultant from the synthesis process (reverse microemulsion using cyclohexane, 

ammonium hydroxide, and tetraethyl orthosilicate). 
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TEM measurements showed that they are spherical particles with a mean diameter of 

20.2nm (Figure 5.2a), hydrodynamic size measurements by DLS showed that S-ION maintain 

their nanoparticulated size when dispersed in water and culture medium (Figure 5.2b). All 

dispersions showed negative values for zeta potential, but values indicating stable colloidal 

dispersions were only observed in water (-31.8mV), which decreased in cell culture medium (-

10.3mV). 

Table 5.1. Physicochemical description of S-ION. 

Primary particle size  (nm) TEM 
10.0 ± 2.1 (core) 

20.2 ± 2.9 (core and coating) 

Particle morphology TEM Spherical 

Surface chemistry (%) XPS 

9.07 (C 1s) 

0.27 (N 1s) 

60.02 (O 1s) 

29.22 (Si 2p) 

1.41 (Fe 2p3) 

Dispersed in water 
Size (nm)  DLS 93.3 ± 0.5 

Zeta potential (mV)  -31.8 ± 2.1 (pH=7.73) 

Dispersed in cell 
culture medium 

Size (nm) DLS 111.1 ± 1.1 

Zeta potential (mV)  -10.3 ± 1.1 (pH=8.14) 

TEM: Transmission Electronic Microscopy,XPS: X-ray photoelectron spectroscopy , 
DLS: Dynamic Light Scattering 

 

 

Figure 5.2. Characterization of S-ION: (a) TEM microphotograph, (b) distribution of 

hydrodynamic diameter in cell culture medium. 
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5.3.2.  Cellular viability 

As it has been well documented in the literature, NP may interfere with assay components 

and alter the reliability of in vitro cell viability assay results (Kroll et al., 2012; Monteiro-

Riviere et al., 2007; Stone et al., 2009). Possible causes include NP interference with light 

absorption, chemical reactions between NP and reactants and dye adsorption on NP surface. 

To analyse the reactivity of S-ION and to study the possible ION interference with 

cytotoxicity assays either with dyes or with the spectrophotometric read-out, the whole assay 

protocols were carried out with the ION in the absence of cells. No interferences of S-ION with 

MTT or NRU assay methodologies were observed. 

Thus, cellular viability after exposure of SH-SY5Y cells to different concentrations of S-

ION was assessed by employing MTT and NRU assays. Results obtained are presented in 

Figure 5.3. S-ION exposure was responsible for some slight but significant decreases in 

viability at 6h (MTT and NRU assays), or at 24h exposure (MTT assay). Nevertheless, cell 

viability was higher than 80% in all cases. 

0

20

40

60

80

100

120

140

0 5 10 25 50 75 100 150 175 200 300

C
el

l v
ia

b
il

it
y 

(%
)

S-ION concentration (µg/ml)

3h 6h 24h

* *
*

*
* *

*

a)

0

20

40

60

80

100

120

140

0 5 10 25 50 75 100 150 175 200 300

C
el

l v
ib

il
it

y 
(%

)

S-ION concentration (µg/ml)

3h 6h 24h

*
* * * * *

*
* **

* *
*

*

b)

 

Figure 5.3. Viability of SH-SY5Y cells after exposure to S-ION assessed by MTT 

assay (a) and NRU assay (b). Values were normalized considering negative control as 

100%. PC: positive control. *P<0.05, significant difference with regard to the 

corresponding negative control. 
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There are several in vitro studies that have demonstrated little or no toxicity of ION. For 

instance, Malvindi et al. (2014) reported that S-ION had no effect on cellular viability of A549 

and HeLa cells, which led to the suggestion that these are biocompatible nanomaterials (Boyer 

et al., 2010). However, earlier studies on neurotoxicity of ION revealed a decrease in viability 

of mouse neuroblastoma cells (Jeng and Swanson, 2006), astrocytes (Au et al., 2007), brain 

glioma cells (Xiao et al., 2014) and pheochromocytoma neuronal cell lines (Pisanic et al., 2007) 

after exposure to ION. 

Previous studies stated that ION are stored in lysosomes where they degraded to free iron 

by lysosomal enzymatic activity (Laskar et al., 2012). Free iron ions can affect mitochondrial 

membrane and/or increase radical concentration. In addition, ION can also directly damage 

mitochondria by causing morphological alterations or decrease in mitochondrial membrane 

potential (Fröhlich, 2013; Sioutas et al., 2005). 

It is well known that MTT assay provides information on mitochondrial activity 

(Hillegass et al., 2010), whereas NRU assay evaluates lysosomal integrity (Repetto et al., 2008). 

These results showing lower viability detected by MTT assay than NRU assay suggest that 

mitochondria is particularly sensitive to the ION tested in the current study, which is in 

accordance with prior works (Jeng and Swanson, 2006). From the results of cell viability assays 

the doses and exposure periods of S-ION for further toxicity assays were determined: 10, 50, 

100 and 200µg/ml for 3 and 24h. 

5.3.3. Dissolved iron concentrations in the cell culture medium 

Upon metabolisation of ION, free iron can be transferred out of the endocytic 

compartment into the normal cellular iron pool (Soenen et al., 2010). Iron is an innate metal that 

is essential for life, mainly because of its ability to accept and donate electrons readily by 

switching between ferrous (Fe2+) and ferric (Fe3+) ions (Kim et al., 2012). This reduction-

oxidation reaction plays a critical role in energy production and in many other metabolic 

pathways such as DNA synthesis, mitochondrial oxidative phosphorylation, oxygen transport, 

and cytochrome P450 function (Shander et al., 2009). The total quantity of iron in the body is 

tightly regulated, because excess iron can be extremely toxic (Kunzmann et al., 2011). It can 

affect cellular functionality (e.g., by altering the level of transferrin receptor expression) 

(Schäfer et al., 2007), as well as cellular proliferation capacity (Huang et al., 2009), among 

other effects. As it can be seen from Figure 5.4, the release of iron ions from the S-ION was 

found to be generally increasing with exposure time and NP dose at the 3 times tested. 

Relevantly increased intracellular iron levels were found in different cells after ION 

exposure (reviewed in Soenen and De Cuyper, 2009), though usually not initially associated 

with cytotoxicity (Geppert et al., 2009; Hohnholt et al., 2013; Rosenberg et al., 2012). However 

this release can vary depending on the suspension conditions (e.g., pH) and the NP surface 
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coating (Malvindi et al., 2014). NP chemical synthesis, their physico-chemical properties and 

the surface coating which surrounds and isolates the magnetic material from the environment, 

may influence the degradation rate of the particles and so the release of iron ions (Lévy et al., 

2010; Mahon et al., 2012). This would explain the iron release observed into cell culture 

medium, since ION might be externally interacting with serum proteins present in the medium 

thus enabling their ability to release ions. 
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Figure 5.4. Iron ion release from S-ION. 

5.3.4. Cellular uptake 

The evaluation of cellular uptake of NP by FCM using side scatter parameter (indicative 

of cell granularity/complexity) is suitable for initial screening of nanotoxicity (Ibuki and 

Toyooka, 2012). Results obtained from testing the ability of S-ION to enter the human 

neuroblastoma cells are shown in Figure 5.5. NP were effectively internalized by the cells at all 

conditions tested in a dose-dependent manner (r=0.737, P<0.01 for 3h treatment, and r=0.692, 

P<0.01 for 24h treatment).  
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Figure 5.5. Cellular uptake of S-ION as analysed by FCM. **P<0.01, significant 

difference with regard to the corresponding control. 
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These findings agree with previous studies in other cell types showing that S-ION are 

quickly internalized by macrophages (Kunzmann et al., 2011), and by A549 and HeLa cells 

(Malvindi et al., 2014). In which regards to neural cells, exposure of cultured rat microglial cells 

to ION caused a time-, concentration- and temperature-dependent uptake of the particles, 

predominantly mediated by macropinocytosis and clathrin-mediated endocytosis (Luther et al., 

2013). 

Besides, this in vitro study revealed a remarkable lower degree of internalization for the 

highest S-ION concentration at 24h when compared to the one obtained at 3h. This is likely due 

to the progressive S-ION agglomeration at this high concentration, which causes a more 

noticeable interference with the uptake process at the longest exposure period. 

5.3.5.  Cell cycle 

Cell cycle machinery corresponds to series of events which lead the cell to its division 

and duplication (Morgan, 2007). Figure 5.6 shows the cell distribution along the various phases 

of the cell cycle after exposing the neuronal cells to S-ION. The 3h treatments did not modify 

the cell cycle, and significant alterations at 24h treatments were only observed for the highest 

concentration tested (decrease in G2/M phase and increase in S phase). 
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Figure 5.6. Cell cycle analysis of SHSY-5Y cells after exposure to S-ION: (a) 3h 

treatment; (b) 24h treatment. PC: positive control. **P<0.01, significant difference with 

regard to the corresponding negative control. 

Negative results obtained for 3h exposure to S-ION agree with previous findings from 

some other studies using bare or differently coated ION (Mahmoudi et al., 2011). Besides, 

alterations in the cell cycle similar to the ones observed at 24h treatment were obtained by 

Namvar et al. (2014) after exposing Jurkat cells to bare magnetite NP prepared by green 

biosynthesis (using a brown seaweed), but the dose used was much lower (6.4µg/ml, 

corresponding to the inhibitory concentration 50 [IC50], calculated by MTT assay). In the cell 

viability experiments with S-ION, viabilities obtained for treatments up to 200µg/ml were 
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always higher than 85% as calculated by MTT and NRU; therefore cytotoxicity of the current S-

ION, at least to SH-SY5Y cells, was much lower than cytotoxicity of the ION used by Namvar 

et al. (2014) in Jurkat cells. These observations agree with the general assumption that ION 

coated with silica are indeed less toxic that bare ION. Besides, in a very recently published 

study, Couto et al. (2015) did not find any alteration on cell cycle when testing polyacrylic acid 

(PAA)-coated and non-coated ION on human T lymphocytes (48h treatments). 

5.3.6. Apoptosis and necrosis 

The two principal modes of cell death are apoptosis and necrosis, which can be 

distinguished by morphological and biochemical features. While necrosis is usually induced by 

pathological and accidental damage to cells, apoptosis accounts for most of the physiological 

cell death and is a tightly regulated process controlled by a complex set of molecules (Elmore, 

2007). 

To further investigate whether treatments with S-ION were able to induce cell death by 

apoptosis or necrosis, we used two alternative strategies: analysis of the subG1 region of the cell 

cycle distribution, indicative of DNA fragmentation at the late stages of apoptosis, and double 

staining with annexin V and PI for sensitive detection of early stage apoptosis and late stage 

apoptosis/necrosis. 

The subG1 region of the cell cycle distribution was evaluated since DNA fragmentation, 

which occurs late in the apoptosis process, results in the appearance of PI-stained events 

containing subG1 levels of genetic material (Fraker et al., 1995). Data obtained are gathered in 

Figure 5.7; no significant increase in the subG1 fraction was observed after either 3 or 24h 

treatments. 

Similarly, results obtained from the annexin V/PI staining analyses showed that S-ION 

did not induce early apoptosis (events positive for annexin V but negative for PI) at any 

concentration after 3h of exposure (Figure 5.8). After 24h of treatment significant increases in 

apoptosis rate could only be observed for the highest doses assayed (100 and 200µg/ml). No 

significant induction of necrosis/late apoptosis (events positive for both annexin V and PI) was 

obtained at any experimental condition tested. 

The different results observed in the 24h treatment between the two techniques used may 

be explained by their methodological differences. Annexin V/PI measurement is carried out 

right after the treatments and reflects early stage apoptosis, whereas subG1 region analysis is 

performed after an additional 24h incubation period following the treatments, and is indicative 

of late stage apoptosis. Hence, probably the cells undergoing early apoptosis detected by 

annexin V/PI staining have already been mostly removed when subG1 region was analysed. 

Similar apoptosis results were reported by Jeng and Swanson, (2006), who found that 

ION only induce apoptosis in mouse Neuro-2A neuroblastoma cells after exposure to 
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concentrations higher than 100µg/ml. Contrarily, Namvar et al. (2014) described time-

dependent (from 12 to 48h) increases in the apoptosis rates in Jurkat cells treated with bare 

magnetite NP (6.4µg/ml), evaluated by the two same methodologies used in the current work, 

but, in their study, toxicity of these ION (in terms of cell viability decrease) was much higher. 

Malvindi et al. (2014) also found significant apoptosis induction (evaluated by means of 

mitochondrial membrane potential, JC-1 assay) in cervical and lung cells exposed to 2.5nM S-

ION (magnetite) for 48h. This concentration is equivalent to approximately 30µg/ml of our S-

ION, dose which produced negative results in all conditions tested in this study. 
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Figure 5.7. Apoptosis (subG1 region) in neuronal cells treated with S-ION. PC: positive 

control. *P<0.05, significant difference with regard to the corresponding negative 

control. 
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Figure 5.8. Apoptosis and necrosis induction by S-ION for 3h (a) and 24h (b) evaluated 

by annexinV/PI staining. PC: positive control. *P<0.05, **P<0.01, significant 

difference with regard to the corresponding negative control. 

Regarding cell death by necrosis (and/or late apoptosis), Namvar et al. (2014) obtained 

again results contrary to ours: time-dependent increase in the necrosis/late apoptosis rate in 

Jurkat cells treated with ION but, as mentioned above, toxicity of these nanoparticles (in terms 

of cell viability decrease) was much higher. 
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5.3.7.  Membrane integrity 

The potential alterations in the neuronal cell membrane integrity caused by S-ION 

exposure were measured by LDH activity in extracellular medium, since LDH is released when 

the cell membrane is damaged. Results obtained in this test are represented in Figure 5.9. No 

significant alteration in the percentage of LDH activity was observed at any concentration or 

treatment time tested. 
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Figure 5.9. LDH leakage analysis after S-ION exposure. PC: positive control. 

These negative results are essentially in agreement with most results obtained from cell 

cycle analysis, apoptosis or necrosis induction, and viability assays. Nevertheless, Malvindi et 

al. (2014) obtained positive LDH leakage after treatment of A549 and HeLa cells for 48 and 96h 

with 2.5nM S-ION (as already mentioned, equivalent to 30µg/ml of the current S-ION), 

according to their apoptosis assessment results and confirming the lower cytotoxicity of the S-

ION. 

5.3.8.  Genotoxicity 

For testing the potential of S-ION to induce damage on genetic material, we used a 

battery of genotoxicity tests, i.e., γH2AX assay, MN test, and comet assay. 

As a rapid screening method for genotoxicity, we first analysed H2AX phosphorylation 

by FCM, an early cellular response to the induction of DSB. As it can be clearly seen in Figure 

5.10, S-ION did not induce H2AX at either of the conditions analysed. Yet, no other study 

employing γH2AX assay for testing genotoxicity caused by any type of ION could be found in 

the literature. In order to quantify chromosome alterations a relatively less specific approach, 

the MN test scored by FCM, was performed. The results of MN evaluation showed that no 

significant changes were produced in the MN ratio after treatment of the neuronal cells with S-

ION (Figure 5.11). Comet assay results revealed that S-ION induced dose-dependent increases 
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of DNA damage in SH-SY5Y cells (r=0.948, P<0.05 for 3h treatment, and r=0.842, P<0.05 for 

24h treatment) (Figure 5.12). 
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Figure 5.10. Results of γH2AX analysis on neuronal cells treated with S-ION. PC: 

positive control. **P<0.01, significant difference with regard to the corresponding 

negative control. 
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Figure 5.11. Results of MN evaluation in SH-SY5Y cells treated with S-ION. PC: 

positive control. *P<0.05, significant difference with regard to the negative control. 
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Figure 5.12. Results of comet assay in neuronal cells treated with S-ION. PC: positive 

control. *P<0.05; **P<0.01, significant difference with regard to the corresponding 

negative control. 
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The purpose of MN test is to identify chromosome aberrations, since MN may contain 

lagging chromosome fragments or whole chromosomes; therefore it detects both clastogenic 

and aneugenic events. After S-ION treatment no effects were observed in the neuronal cells in 

terms of MN formation. To our knowledge no studies have been reported on MN induction by 

S-ION in any type of cells so far, but passiveness of other types of ION on MN formation have 

been documented in cells from different origin both in vitro (Li et al., 2011; Shah et al., 2013; 

Singh et al., 2010; Zhang et al., 2012) and in vivo (Chen et al., 2012a; Li et al., 2011; Wu et al., 

2010b). 

The comet assay is one of the most frequently used methods for genotoxicity testing. 

Since it is simple, versatile, and able to detect different DNA lesions, it has been claimed to be 

the most promising assay to measure potential genotoxicity of nanomaterials (reviewed in 

Magdolenova et al., 2014). Hence, in this study, it was used for measuring primary DNA 

damage in SH-SY5Y cells caused by exposure to S-ION. 

This dose- and time-dependent increase in the comet parameter after S-ION treatments is 

in agreement with the iron ion dissolution results, which showed important amounts of ions 

released from the NP into the cell culture medium. Although the human body contains relatively 

high concentrations of iron, the presence this metal at concentrations higher than physiological 

can lead to deleterious effects. Iron ions are able to interact with DNA in-between the bases, 

thereby unwinding the double-helix (Eichhorn and Shin, 1968) and causing SSB and oxidative 

base modification (Toyokuni and Sagripanti, 1999); this kind of damage, especially SSB, is 

detected by the standard alkaline comet assay but is not related to phosphorylation of H2AX or 

MN production. Therefore, this may help to explain the positive results obtained in the comet 

assay and the negative ones from H2AX assay and MN test.  

These results provide evidence that a single genotoxicity assay is not sufficient to draw 

conclusions regarding the genotoxic potential of nanomaterials. It was already indicated that no 

single test can cover all the potential forms of DNA damage that might arise (Singh et al., 2009 ; 

Zhao and Castranova, 2011), so negative results obtained in one test do not guarantee that the 

ION assayed is free of genetic damage induction. According to the current results, the type of 

DNA damage induced by S-ION on neuronal cells is likely not related to DSB but mostly to 

more easily repairable DNA lesions (alkali labile sites and SSB), indicating recent damage 

(Azqueta and Collins, 2013).  

Similar increases in comet assay parameters (tail length and tail DNA intensity) were 

shown  by Malvindi et al. (2014) after incubation of A549 and HeLa cells with S-ION for 48h. 

In addition, comet assay evaluation of murine L-929 fibroblast cells treated with ION coated 

with (3-aminopropyl) trimethoxysilane (APTMS), tetraethyl-orthosilicate (TEOS)-APTMS, or 

citrate showed a concentration-dependent increase in tail content of DNA compared to control 

cells, indicating the presence of DNA damage (Hong et al., 2011). By using the same technique, 

Bhattacharya et al. (2009) had previously found DNA damage induction on human lung IMR-90 
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fibroblasts and human bronchial epithelial BEAS-2B cells treated with ION (Fe2O3). Moreover, 

no induction of chromosome aberrations (which require DSB production) was observed in 

human T lymphocytes treated with PAA-coated and non-coated ION (Couto et al., 2015), which 

further supports these results. 

5.3.9.  Oxidative stress 

Among the different mechanisms that can cause NP toxicity in the body, it seems that the 

most toxicity from ION arise from the production of excess ROS (Nel et al., 2006; Shubayev et 

al., 2009; Soenen and De Cuyper, 2009; Unfried et al., 2007). High ROS levels can damage 

cells by producing lipid peroxidation, mitochondrial damage, DNA disruption, gene 

transcription modulation, and protein oxidation, which would eventually result in cell 

apoptosis/death (Stroh et al., 2004). Hence in this study, the oxidative stress produced by S-ION 

was evaluated by three different endpoints, namely DCFH assay, cellular GSH:GSSG 

determination, and OGG1-modified comet assay. 

DCFH assay has been shown to be a useful tool for the quantitative measurement of NP-

induced oxidative stress (Aranda et al., 2013). The logic behind this technique is basically that, 

in the presence of ROS, DCFH is rapidly oxidized to the highly fluorescent DCF, which is 

readily detectable. The dye is susceptible to reaction with a variety of ROS, including hydrogen 

peroxide, peroxyl radicals and peroxynitrite anions, to form DCF (LeBel et al., 1992). 

Firstly, to assess the possibility that ION may generate ROS intrinsically and exclude 

their interference with dyes, we measured the production of ROS in cell free systems. As it can 

be seen from Figure 5.13, S-ION were unable to produce ROS in the absence of cells, which 

coincides with findings of similar previous studies (Bhatt and Tripathi, 2011; Guichard et al., 

2012).  
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Figure 5.13. Results of the acellular DCFH assay with S-ION, expressed as 

%fluorescence fold increase. PC: positive control. 
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Since H2O2 cannot oxidize DCFH by itself, the enzyme HRP is added to catalyze 

generation of OH radicals. Therefore, HRP was added only when H2O2 was used (positive 

control). However, considerable inconsistency exist in the literature with regards to the addition 

of HRP to NP while measuring cellular ROS production, its concentration, and the sequence of 

events with regards to its use (when exactly HRP should be added to the reaction mixture). 

Addition of HRP to the wells containing NP and to the control increased fluorescence response 

of both NP treated cells and control cells by ~4-5 times (data not shown). Nevertheless, we have 

not found significant change in reactivity with regard to the control compared to the experiment 

without HRP, indicating that the observed increase was caused purely by oxidation of DCFH by 

HRP, which is known to occur (Rota et al., 1999). Therefore, there seems to be no added value 

for addition of HRP to the S-ION. 

After excluding ROS production potential of S-ION in the absence of cells, it was 

decided to use a commercial kit, in order to improve the performance of cellular ROS assay to 

assess the capacity of S-ION to generate ROS in SH-SY5Y cell line. As it can be seen from 

Figure 5.14, significant increases in ROS generation were found in cells treated for 24h with S-

ION at every concentration; whereas for 3h significant increases were only observed at 100 and 

200µg/ml concentrations. 

Glutathione serves as an endogenous antioxidant against free radicals and thus detoxifies 

the effect of external toxic materials. Cellular glutathione exists in reduced form (GSH) and 

oxidized form (GSSG), and their ratio controls various biochemical reactions and determines 

cellular activities (Hansen et al., 2009). Thus, this part of the research was focused on 

monitoring GSH: GSSG content in cells after S-ION exposure. Results obtained in this test are 

shown in Figure 5.15. It was observed that S-ION cause significant decrease in the GSH:GSSG 

ratio at almost every condition tested, indicative of oxidative stress generation, except for the 

lowest concentration at 3h treatment. 

Lastly, to analyse the role of ROS production by S-ION in triggering and progression of 

oxidative DNA damage, OGG1 enzyme-modified comet assay was performed; results are 

shown in Figure 5.16. Neuronal cells exposed to S-ION revealed production of OGG1-sensitive 

sites at every condition tested, although difference with regard to the buffer was not significant 

for 3h treatments at low concentrations of S-ION (10 and 50µg/ml). 

Taking all oxidative stress results together from these three assays, S-ION did not produce 

ROS in the acellular environment, but they showed ROS generation and DNA damaging 

potential at every concentration tested for 24h treatment, and only at the highest concentrations 

for 3h treatment, agreeing with the results of standard comet assay. 
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Figure 5.14. Results of the DCFH assay in neuronal cells treated with S-ION, expressed 

as % fold increase compared to control. PC: positive control. **P<0.01, significant 

difference with regard to the corresponding negative control. 
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Figure 5.15. Ratio of reduced to oxidised glutathione in neuronal cells treated with S-

ION. PC: positive control. **P<0.01, significant difference with regard to the 

corresponding negative control. 
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Figure 5.16. Results of OGG1-modified comet assay in neuronal cells treated with S-

ION for 3h (a) and 24h (b). PC: positive control. *P<0.05, **P<0.01, significant 

difference with regard to the corresponding buffer.  
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The generation of ROS has already been proposed as the underlying mechanism involved 

in the genotoxicity of metal oxide NP (Mesárošová et al., 2014). And several possible 

mechanisms that can play a role for ROS generation from ION are also well documented. ROS 

formation may occur due to iron ions released into the cytosol by lysosomal enzymatic 

degradation, that can participate in the Fenton reaction and produce hydroxyl (OH·) radicals 

(Valko et al., 2006), or to the catalytically active surfaces of particles (Klein et al., 2012). 

The particle size and surface chemistry have been shown to have great importance in the 

ROS-mediated activity of ION (Hong et al., 2011; Hoskins et al., 2012). Bare ION might be 

significantly more toxic than coated ION because iron ions on the surface are more efficient 

inducers of ROS production (Voinov et al., 2011). However, data published so far are quite 

controversial. Bare ION were shown to induce ROS generation in human healthy and tumour 

cells (Choi et al., 2009; Hoskins et al., 2012; Karlsson et al., 2009; Mesárošová et al., 2014; Zhu 

et al., 2010), rat lung epithelial cells (Ramesh et al., 2012), and Chinese hamster ovary cells 

(Kawanishi et al., 2013), but not in Syrian hamster embryo cells (Guichard et al., 2012) or 

human lung adenocarcinoma epithelial A549 cells (Kain et al., 2012; Könczöl et al., 2011; 

Mesárošová et al., 2014). 

The ION-mediated ROS generation was also found to be dependent on surface coating 

(Guichard et al., 2012; Könczöl et al., 2011; Magdolenova et al., 2012b; Sharma et al., 2014) 

and cell type (Guadagnini et al., 2013; Liu et al., 2011). Accordingly, increased ROS 

production, glutathione depletion, and inactivation of several antioxidant enzymes were detected 

in several human and mammalian cell lines treated with surface-modified ION. For instance, 

ROS generation was caused by sodium oleate-coated ION in monkey kidney Cos-1 cells 

(Magdolenova et al., 2012b), and by L-glutamic acid-coated ION (Fe2O3) in Chinese hamster 

lung cells (Zhang et al., 2012). Likewise, ROS production potential of ION coated with Tween 

80 was observed in murine macrophage J774 cells (Naqvi et al., 2010).  

In this current study with SH-SY5Y cells, ROS formation was found to be increased by 

S-ION exposure, resulting in decreased GSH and increased DNA damage, although surface 

coating is initially expected to function as a barrier and attenuate the potential toxic effects 

(Auffan et al., 2006). Yet, silica coating around the ION did not avoid the whole ROS formation 

capacity of ION. Kim et al. (2010b) reported that several silica particles smaller than 20nm 

increased ROS production dose-dependently in the SH-SY5Y human neural cell line, which 

may help explain these results. Besides, these positive results from S-ION are also consistent 

with another study showing a dose-dependent increase in ROS formation in SH-SY5Y cells 

treated with polyethyleneimine-coated ION (Hoskins et al., 2012). 
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5.3.10. DNA repair competence assay 

Possible effects of S-ION on DNA repair processes were tested by DNA repair 

competence assay using H2O2 as challenging agent. H2O2 causes damage to DNA by generating 

hydroxyl-free radicals (OH·) (Jaruga and Dizdaroglu, 1996). These radicals attack DNA at the 

sugar residue of the DNA backbone, leading to SSB (Benhusein et al., 2010). Re-joining of SSB 

induced by H2O2 is a simple cellular process; thousands of breaks per cell can be repaired in a 

matter of half an hour in typical cultured mammalian cells (Azqueta and Collins, 2013). 

In the current study, repair of approximately one-third of the DNA damage after H2O2 

treatment occurred during a 30 min period (Figure 5.17), thus indicating this time as convenient 

for H2O2-induced DNA damage to be repaired in SH-SY5Y cells. Incubations with the S-ION 

were carried out at three different stages of the assay: before inducing DNA damage (pre-

treatment or phase A, for 3 or 24h), during DNA damage induction (phase B), or during the 

repair period (phase C).  
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Figure 5.17. Effects of S-ION on repair of H2O2-induced DNA damage in neuronal 

cells. Incubation with S-ION was carried out either before H2O2 treatment (phase A), 

simultaneously (phase B), or during the repair period (phase C). *P<0.05, **P<0.01, 

significant difference with regard to the same treatment before repair; #P<0.05, 

significant difference with regard to the control. 

When cells were incubated with S-ION before damage induction by H2O2 (phase A, 

either 3 or 24h), %tDNA was significantly reduced implying the pre-incubation with S-ION did 

not affect the DNA repair process, which was more obvious at incubation for 24h than for 3h. 

When cells were left to repair the damage induced by H2O2 in the presence of S-ION for 30min 
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(phase C), the DNA damage after the repair process also decreased to the basal levels, although 

treatment of cells with S-ION for 30min showed a significant induction of damage to DNA. 

Thus S-ION did not influence the DNA repair machinery either in phase C. However, when 

cells were incubated with H2O2 and S-ION simultaneously (phase B), significant DNA repair 

was not observed, which would not entirely mean S-ION might be altering the repair process. 

As shown before in Figure 5.4, a notable release of iron ions from the S-ION into the cell 

culture medium was observed. The deleterious effects of transition metal ions, such as iron, to 

DNA are greatly enhanced by the presence of oxygen and related species; thus, iron ions readily 

associate with DNA and, in the presence of hydrogen peroxide, a high ratio of DSB to SSB are 

generated (Lloyd and Phillips, 1999). Since the repair of DSB can take hours (Frankenberg-

Schwager, 1989), the result obtained for phase B is probably related to the type of DNA damage 

induced, for which a 30min repair period is not long enough, more than to alterations in the 

repair process. To the best of our knowledge, this is the first study addressing the potential 

effects of ION on cellular repair systems. Therefore, further investigations are required to go 

into detail about all these findings. 

5.4. CONCLUSIONS 

In the present study the effects of S-ION on the human SH-SY5Y neuroblastoma cell line 

were investigated by means of a complete set of cytotoxicity and genotoxicity assays. Taking all 

results of this study together we can draw the following conclusions: 

1. S-ION released iron ions to the cell culture medium in a dose- and time-dependent 

manner. 

2. S-ION were effectively internalized by the neuronal cells but presented in general low 

cytotoxicity; although positive results were obtained for some experimental conditions, 

cell viability was higher than 80% in all cases.  

3. S-ION exposure did not change neuronal cell membrane integrity, and only induced cell 

cycle alterations or apoptosis at the highest doses and longest time tested. 

4. Treatment of neuronal cells with S-ION induced dose-dependent DNA damage which was 

not related to the production of DSB or chromosome loss (according to the results of 

H2AX assay and MN test). 

5. Even though S-ION were not able to produce ROS in an acellular environment, ROS 

formation was found to be increased in the neuronal cells by S-ION exposure, resulting in 

decreased GSH and increased oxidative DNA damage.  

6. According to DNA repair competence assay, DNA repair mechanisms were not affected 

by S-ION exposure when exposure was carried out before induction of DNA damage or 
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during the repair period. However, when exposure occurred simultaneously with H2O2, the 

30 min period was not enough to repair the damage induced.  

These results confirm that S-ION can be safely used at low doses as tracers for MRI of 

oncological tumours and as vehicles for therapeutic drug delivery. When S-ION are guided to 

regions of brain due to their magnetic properties, they can enhance redox-directed therapeutic 

effect by increasing ROS levels. Results obtained in this work highlight the need for screening 

the different possible interactions of NP with the living systems, especially with the nervous 

system components, in order to increase the knowledge on the effects at different levels and thus 

be able to guarantee manufacturers’ and consumers’ safety. 
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Nanotechnology industry, focussing on the development and production of new nanoscale 

products for many fields of application, is rapidly growing. The emerging use of nanomaterials 

leads to their direct contact with the human being and their release to the environment, with still 

unknown consequences for occupational and environmental health. Metal oxide NP, are 

versatile platforms for very different uses, including healthcare products, biomedical 

applications and therapeutic intervention. Ti2O-NP, ZnO-NP and ION are examples of such 

widely used engineered NP in the world consumer market. 

Furthermore, in the past few decades, the incidence of primary brain tumours has been 

increasing at an alarming rate (Hu and Gao, 2010). Immense efforts have been focused on the 

chemotherapy of central nervous system (CNS) diseases. However, the existence of the blood–

brain barrier (BBB), which limits the entry of many substances into the brain, makes it difficult 

to deliver drugs to lesions within the CNS. Thus, as NP made of different materials are mostly 

able to cross the BBB, nanocarriers appear to be a promising drug brain-targeting strategy 

(Kreuter, 2001). Besides, as NP can move inside the brain from the nasal cavity (Oberdörster et 

al., 2009), either intentionally instilled or coming from environmental exposures, they could 

accumulate within this organ to elicit further toxicity. Therefore, the neurotoxicity of NP should 

be carefully evaluated. In the present study, an attempt was made to evaluate the in vitro toxicity 

of Ti2O-NP, ZnO-NP and S-ION on the human nervous system, and to elucidate the possible 

mechanisms underlying the neuronal cell response to these exposures. The human 

neuroblastoma cells (SH-SY5Y) were selected for assessing the NP toxicity, keeping in view 

the fact that those cells are frequently used in neurobiological, neurochemical and 

neurotoxicologial studies (Di Daniel et al., 2005; Hong et al., 2003) . 

The results of this study demonstrated that all NP tested have some level of cytotoxic or 

genotoxic potential in in vitro system. But cytotoxicity inducing potential of metal oxide NP 

was found to be different for each NP. TiO2-NP did not reduce the viability of neuronal cells 

and S-ION presented in general low cytotoxicity. ZnO-NP, however, induced significant 

concentration-dependent decreases in neuronal cell viability.  

Their internalization potential by the neuronal cells was also found to be divergent. TiO2-

NP and S-ION were effectively internalized in a concentration and time-dependent manner; 

nevertheless, ZnO-NP were not taken up by the neuronal cells at any experimental condition 

assayed. Hence, it was also checked whether the observed decrease in viability by exposure to 

ZnO-NP could be due to the NP or to the Zinc(II)ions dissolved from them. Yet released 

Zinc(II)ions to the cell culture were insufficient to cause decrease in neuronal cell viability. 

Therefore, data also suggested that the NP dissolution does not play a significant role in ZnO-

NP induced cytotoxicity. 

Despite the differences in their crystalline structures, both TiO2-NP tested induced dose-

dependent cell cycle alterations and apoptosis by intrinsic pathway. Moreover, although 
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exposure to ZnO-NP did not alter neuronal cell membrane integrity, they caused important cell 

cycle alterations, including mitotic arrest and apoptosis induction by a mitochondria- 

independent pathway, whereas S-ION exposure did not change neuronal cell membrane 

integrity, and only induced cell cycle alterations or apoptosis at the highest doses and longest 

time tested. 

Similar to cytotoxicity, genotoxicity inducing potential of metal oxide NP was found to 

be different for each NP. Genotoxicity assays with TiO2-NP exposed neuronal cells revealed 

positive results in the comet assay and MN test, but negative results in H2AX assay, suggesting 

that TiO2-NP induce genotoxicity in neuronal cells not related to the production of DSB. ZnO-

NP caused genotoxicity as measured by comet assay, MN test and H2AX assay, depending on 

the exposure time. Besides, treatment of neuronal cells with S-ION showed positive results in 

the comet assay but negative results in H2AX assay and MN test, indicating that they induce 

dose-dependent DNA damage which is not related to the production of DSB or chromosome 

loss. Additionally, possible effect of S-ION on DNA repair mechanisms was also checked; no 

influence was observed when exposure was carried out before induction of DNA damage or 

during the repair period. But when exposure occurred simultaneously with the DNA damage 

inducer (H2O2), the 30min incubation period was not enough to repair the damage induced. 

Toxicity was found to be mediated by oxidative stress in ZnO-NP and S-ION exposed 

cells, as evidenced by decrease in the GSH:GSSG and increase in the oxidative DNA damage. 

On the other hand, TiO2-NP did not induce such oxidation-related changes, suggesting that their 

effects are not associated with oxidative stress generation. 

 This work contributes to increase the knowledge on cytotoxic and genotoxic potential of 

metal oxide NP in general, and specifically on human neuronal cells. Results obtained highlight 

the need for screening the different possible interactions of NP with the living systems, in order 

to reveal their effects at different levels. These investigations are needed to develop the 

necessary safety precautions and exposure limits for people working with or producing 

materials containing these NP, and also for those who might be exposed to them when ENM are 

implemented in commercial, industrial and biomedical applications. Specifically, when these 

nanomaterials are designed for being in direct contact with the human being or even to be 

introduced in the human organism, it is of paramount importance to determine that they are safe 

enough; in other words, that the relationship benefit-to-risk is favourable and thus their 

enormous possibilities may be well-exploited with no or minimal health hazards.
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