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Summary 

Introduction 

Since the turn of the 21st century new materials are emerging through our discovery that well-

known materials (e.g. metals) at nanometer scale have extraordinary and surprising properties 

that could shape our future. Engineered nanomaterials (ENMs) are those man-made materials 

constituted by particles that have at least one of their dimensions between 1 and 100 nm (EU 

2011, ISO 2016). Of course, these limits in size are important for regulatory purposes but when 

people are working in a laboratory they become wider, and we can talk about NMs of some 

hundreds of nanometres in size.  In any case, before these ENMs full potential can be realised it 

is our responsibility to ensure that they are engineered as safe materials. This necessity has led 

to the emergence of nanotoxicology which is by definition the study of the potential toxicological 

effects of nanomaterials. Presently nanotechnologies are advancing faster than our rate of 

learning, there are gaps in our knowledge and uncertainties which may lead to as yet unknown 

risks. Studying the potential toxicological effects (hazards) of nanomaterials as part of a risk 

assessment is therefore extremely important to deepen our understanding of the potential 

environmental and health impacts (risks). 

Concerns lie in the unpredictable behaviour of materials at nanoscale, their potential widespread 

distribution in the environment, and translocation within body systems due to their size.  

Within this thesis a general introduction (chapter 1) gives a detailed background to the area of 

nanotoxicology and the current regulations we rely on to ensure the sustainable and safe use of 

ENMs. Specifically it introduces the metal and metal oxide groups of nanoparticles (NPs) used 

widely both industrially and commercially (namely ZnO, Cu, Ag and Au) and outlines their 

individual properties, applications and potential risks.  

As we embark on a new age, the nano age, the questions which we must strive to answer include: 

What are the impacts the use of ENMs will have on the environment and are there any concerns 

to human health from exposure to such materials? The first step in addressing such questions is 

identifying the potential toxicological effects on organisms (hazard). Studying the potential 

hazards of these ENMs compared to more traditional chemicals requires a more complex 

approach and specific methodologies are needed. In liquid media ENMs form suspensions or 

colloidal systems due to the very nature of particles being present (if ENMs solubilize, then the 

particulate nature is lost and we would be dealing with the same problems as with conventional 

chemicals). These systems contain particles dispersed with perhaps some solubilized metal ions. 

In addition to this general consideration, ENMs present particular physical and chemical 

properties that make them different from the original bulk material and that influence their 

behaviour. Of particular importance is their specific surface (surface area) that increases 

enormously while decreasing the volume (the size) of the NPs. The specific surface area to 
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volume ratio can increases particles porous nature. This leads to important increments of surface 

reactivity so that ENMs show a distinct behaviour than the material of origin. Surface chemistry 

and charge can influence interactions with other particles or with molecules of the medium 

ENMs are immersed in. Shape and aspect ratio can control persistence. 

In the present research we have focused on the possible deleterious effects of nanomaterials by 

means of the use of in vitro approaches based on cultured cells. Since the liver has been identified 

as an accumulation site for NPs in a number of organisms, liver hepatocytes maintained in 

primary culture and liver derived cell lines have been employed as in vitro test systems in our 

experiments. In vitro test systems may serve as an important component in an integrated testing 

strategy (ITS) for hazard assessment which focuses heavily on using all appropriate non-animal 

methods prior to animal testing. Cell lines from various diverse species are available and 

therefore may provide an important system to test for species susceptibilities and/or species-

specific mechanisms of toxicity at the cellular level. 

Among the mechanisms underlying the toxicity of ENMs, oxidative stress has emerged as a 

paradigm that is at the basis of all the observed deleterious effects. Oxidative stress is a cellular 

state that results from a redox imbalance between the generation of reactive oxygen species 

(ROS) and the compensatory response from the endogenous antioxidant network. However it is 

unclear whether oxidative stress associated with nanomaterials is the direct cause of cytotoxicity 

or a secondary effect of cellular insult. Taking all this into account, in the corresponding sections 

of this thesis, measurements of oxidative stress related processes and the generation of ROS have 

been measured and discussed with special care. In particular, in the research paper 1 an in depth 

study has been performed to investigate the role of oxidative stress in the toxicity of copper 

nanoparticles (CuNPs). Also any oxidative disturbances in fish exposed to ZnO NPs have been 

studied (research paper 2).  

Specific concerns surrounding metal and metal oxide ENM’s is the potential release of high 

concentrations of metal ions which have already proven to be hazardous. Whether effects are 

distinct for particle forms or dictated by released ions has yet to be fully elucidated. By 

comparing NPs dose response curves to those of equivalent concentrations of dissolved metal 

ions or to those of the fraction of ion released from the ENM under exposure conditions one can 

begin to determine the role of the dissolved ion in eliciting effects. Considering this, generally, 

in parallel to the exposure of cells to suspensions of ENM, also exposures to a soluble salt of the 

metal constituting the ENM have been performed in the present work. 

Although the study of the toxicity of individual ENMs is essential to understand their 

mechanisms of action and assess and manage appropriately their risks, however, in real world 

situations organisms will be exposed not to a single ENMs but to a mixture of them that interact, 

influencing mutually their properties and effects. Also as nanotechnologies develop we see the 

production of materials using a mixture of ENMs, for example in nanocomposites and hybrid 

materials. It is therefore of high relevance to investigate the potential effects from co-exposures 

to multiple ENMs or other chemical stressors that coexist in the environment. These aspects have 

been also tackled in the present thesis by considering the combined toxicity of ENMs based on 

copper and on zinc. These metals were chosen because they are essential for the organisms and 

their balance is relied upon for general health. We considered that it was worthwhile to carry out 
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these experiments due to the complex interdependencies of copper and zinc regulation in the 

cell.  

While in vitro tests systems such as cell lines provide a useful tool for such purposes one must 

question the relevance of such systems to biological outcomes in vivo. How do responses seen 

in vitro in cells lines translate to an in vivo situation which takes into consideration adaptive 

responses at the whole organism’s levels and toxico-kinetics? In vivo studies must be undertaken 

to answer such questions. Considering these aspects, in vivo experiments were carried out using 

rainbow trout (research paper 3). They were exposed to the same ZnO NPs tested for their 

cytotoxicity and ability to increase ROS levels in fish liver cell lines in introductory paper 1. In 

the in vivo study, the distribution of Zn to the liver was analysed and any biochemical 

disturbances associated with oxidative stress were monitored to determine the in vitro – in vivo 

concordance between these in vitro and in vivo studies assessing the hazard of ZnO NP exposure.  

Taking into account all the aspects previously mentioned, this thesis presents seven published 

articles, each focusing on testing particular metal or metal oxide ENMs, individually or in 

mixtures, and using in vitro approaches based on a variety of cells and cell lines and in vivo 

approaches based on the use of rainbow trout. The experiments of three of these papers were 

initially carried out in an attempt to frame and focus adequately our research. So they are grouped 

as introductory papers in chapter 3. Thereafter, each chapter corresponds to a published research 

paper, tackling one particular aspect of metal ENMs toxicity. These are the articles that constitute 

the particular and original body of the present thesis. 

 

Objectives  

The main aim of this work was to gain information about the mechanisms underlying the toxicity 

of metal/metal oxide ENM exposure on the liver. We approached this main objective from both 

human and environmental perspectives. The metal/metal oxide ENMs studied in this research 

have already been identified as those which should be assessed with high priority due to their 

widespread use, production volume and commercial importance (OECD, 2010) as well as due to 

their future emerging applications. They include ZnO, Cu, Ag and Au ENMs. 

Another general objective in this work was to address the use and appropriateness of cell lines 

as alternatives to animal testing and as useful tools for nanoparticle hazard identification both in 

a screening strategy and to prioritise ENMs for in vivo testing. 

To achieve these main objectives, first the following preliminary specific objectives (tackled 

specifically in the preliminary introductory articles) were pursued. 

 To investigate the cytotoxic potential of an array of different sized/shaped ENMs (ZnO 

NPs and CuNPs) and to ascertain if any causal relationships exist between their physico-

chemical properties and the toxic responses observed (introductory papers 1 and 2).  
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 To investigate if there are any differences among fish and mammalian cell lines in 

susceptibility/sensitivity to these ENMs, or if in fact ENMs elicit different mechanism 

of toxicity (if any) at the cellular level across species (introductory papers 1 and 2). 

 

 To determine to what extent the cytotoxicity (if any) is caused by ions formed from NP 

dissolution or directly by NPs (research papers 1 and 2). 

 

 To assess if the combined effect of the ZnO NPs and CuNPs under investigation can 

differ greatly from that produced by each individual ENM alone (introductory paper 3). 

 

These initial objectives allowed us to gain insights into the general mechanisms of toxic action 

and permitted formulating more specific objectives that were afforded in the research articles 

that constitute the scaffold of this thesis.  

These specific objectives are presented below: 

 1. To determine the real role of oxidative stress as a causative agent of cytotoxicity of 

ENMs.  

As indicated in the introduction, it has been generally accepted as a paradigm that oxidative 

stress is the main cause of the toxicity of ENMs. However, oxidative stress could be actually a 

consequence of the toxicity of ENM instead of its cause. In order to clarify this issue cell lines 

were exposed to Cu ENMs that induce the production of ROS in cells and its toxicity was 

assessed under normal conditions and after reducing the level of ROS by activating the anti-

oxidative stress defence mechanisms of the cells (research paper 1). 

 2. To compare the sensitivity among different fish cell lines against NP insult and to 

investigate if cell lines were representative of cells maintained in primary culture. 

One of the main problems we have found when initiating the studies investigating the toxicity of 

ENMs was the selection of the appropriate cell line. We have therefore considered as essential 

to perform some experiments in order to assess the sensitivity of different cells and cell lines 

maintained in culture. In research paper 2, three rainbow trout cell lines, as well as freshly 

isolated (primary) liver cells from rainbow trout were used as test systems. AgNPs were chosen 

in this case as according to predicted environmental concentrations and species sensitivity 

distributions, AgNPs present one of the highest risks compared to other NPs, particularly in 

surface waters. 

 3. To gain information about the relevance of ENM toxicity data obtained in vitro with 

respect to an in vivo situation. 

 

Although there is an important amount of data about the toxicity of ENM obtained from in vitro 

approaches, information from in vivo studies dealing with ENMs are still scarce. It is therefore 

essential to carry out some experiments in vivo that allows one to generate information about the 

applicability of in vitro data to more realistic in vivo situations. Considering this, we performed 

an in vivo study to determine the toxicity and bioaccumulation in rainbow trout of zinc derived 

from ZnO NPs that were administered to fish through their feed (according to the OECD TG 
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305)(research paper 3). The ZnO NPs used here, were the same as used in previous studies using 

cell lines, allowing a direct comparison of results obtained using in vitro and in vivo approaches. 

 

 4. To study to what extent modifications in the surface coatings of NPs govern physico-

chemical properties and biocompatibility and if the use of different coatings could aid in 

developing safer ENMs (research paper 4). 

The surface of NPs can be functionalized in different ways in order to fine tune their physico-

chemical or toxicological properties. In this way, we could develop safer ENMs, but also increase 

the safety of products containing NPs and ensure their low health and environmental impact. 

Taking this into account, we have monitored in vitro differences in the toxicity of Au NPs capped 

with an array of peptide- biphenyls (research paper 4). 

 

Results and Discussion 

 

In chapter 7, a general discussion on the results obtained with metal/metal oxide ENMs (Cu, 

ZnO, Ag and Au) in the in vitro and in vivo experiments is presented.  

In the introductory articles we observed that ZnO NPs represent an increased hazard compared 

to CuNPs, when liver cell lines (both mammalian and piscine) are used as test systems. Also we 

have witnessed a potentiation effect whereby the addition of ZnO NPs leads to an enhanced 

CuNP cytotoxic effect. The mechanisms underlying the enhancement of toxicity appear to be 

nanoparticle-specific and associated with the uptake of large concentrations of ZnO NPs within 

the cell. Interestingly the Zn2+ ions released from the nanoparticles did not contribute to the toxic 

effect. Similarly, in support of particle-specific effects, using a response addition model, we have 

found that in the case of CuNP suspensions, the nanoparticle fraction highly contributed 

(together with the ionic fraction) to the cytotoxicity in liver cell lines. To specifically distinguish 

the contribution of ions and NPs to the toxicity we performed an experiment using different 

CuNPs with distinct and contrasting dissolution profiles. The high toxicity observed in CuNPs 

with a low dissolution rate supported the idea that NPs, as such, play a key role in toxicity, 

independently of (but contributing to) the toxicity caused by ions. NP-specific ROS elicitation 

from particle suspensions that was not seen following exposures to released ions was also 

evidenced. In both studies with ZnO and CuNPs there was evidence of uptake of ZnO and CuNPs 

into cells and their association with intracellular organelles. Therefore in the case of ZnO and 

CuNPs, the findings presented point to an increased hazard and heightened risk associated with 

the presence of a nanoparticulate form and to unique biological interactions between cells and 

these metal NPs. 

We have focused heavily on ROS elicitation, and the extent to which oxidative stress plays a 

role in these metal ENMs pathways of toxicity. The question addressed was if oxidative stress is 

merely a secondary effect associated with cell death (consequence) or if ROS increase is a key 

event (or molecular initiating event) in ENMs mechanism of toxicity. In fish cell lines exposed 

to ZnO NPs, an increase in ROS levels was observed. However, this increase occurred at 
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concentrations of ZnO NPs higher than those already causing cytotoxicity. In contrast, in cells 

exposed to CuNPs there was a concentration dependent elevation in the levels of ROS, at 

concentrations at which cytotoxic effects were observed. Therefore it is likely that ZnO and 

CuNPs are acting through different mechanisms of cytotoxicity. This suggests that in fact there 

probably exists a high degree of variability in the mechanisms underlying cytotoxicity among 

the wide range of ENMs that exist. 

In order to find out  to what extent oxidative stress dictates toxicity of ENMs we performed some 

experiments exposing cells to CuNPs, which caused an increase in ROS levels, and 

simultaneously to an inducer of the aryl hydrocarbon receptor (AhR) which induction pathways 

are related, among others, with the antioxidant defences of the cells. The induction of AhR led 

to an increase in glutathione-S-transferase activity and to a decrease in ROS levels in CuNPs 

exposed cells. When the cells redox status was brought into equilibrium there was evidence of a 

non-oxidative stress-mediated loss in cell viability. This would suggest that ROS elicitation and 

oxidative stress, while associated with CuNP exposure, does not appear to be a key event in 

CuNPs mechanism of cytotoxicity (research paper 1). Therefore one must be careful in using 

oxidative stress as a pathway of toxicity and recognise that other possible modes of action may 

exist. 

Liver cells both mammalian and piscine in origin were incorporated into studies to investigate 

any species specific differences in responses. Interestingly a clear difference in the sensitivity of 

cell lines towards CuNPs and ZnO NPs was evidenced (introductory papers 1 and 2). 

Mammalian liver cell lines are more sensitive to toxic effects compared to piscine liver cell lines. 

We have also observed differences in tolerances to metal ions and therefore the role of metal 

ions (either released from NPs in the medium environment or intracellularly) may be a key factor 

in determining differences in sensitivity of cell lines towards ENMs. In particular when 

comparing responses between mammalian and fish cell lines, mammalian cells are more 

sensitive to ions whereas fish cells appeared to be more sensitive to the particulate forms.  

Following this observation a range of rainbow trout (Oncorhynchus mykiss) cell lines were 

incorporated into a study as sensitive test systems for investigating particle-specific effects of 

AgNPs (research paper 2). Responses were compared to those of primary liver cells isolated 

from the same species showing good comparability. The robustness of the fish cell lines as in 

vitro cell culture test systems was also increased in this study by incorporating multiple assay 

systems to the same set of cells. For example, a 3 in 1 cytotoxicity assay (three cytotoxicity 

assays were performed on the same set of cells) has been incorporated successfully monitoring 

disturbances in the plasma membrane, on lysosome functioning and on cellular metabolism.  

To investigate how results obtained from in vitro cell culture tests systems translate on a whole 

organism level in vivo exposures were performed (research paper 3). Rainbow trout were fed a 

diet spiked with ZnO NPs, the levels of Zn in the liver and other organs were measured and the 

induction of some enzymes of interest measured. Fish exposed to high concentrations of ZnO 

NPs (1000 mg/kg feed) for 10 days experienced oxidative biochemical disturbances but were 

also able to maintain redox equilibrium over time during a depuration phase (28 days). Therefore 

while a link between the ROS elicitation evidenced in fish cell lines and oxidative disturbances 
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in fish in vivo was established, it did not translate to a pathological outcome and oxidative stress 

levels did not exceed the capability of the fish’s endogenous antioxidant/physiological 

environment to respond. In addition to this, important disturbances to cytochrome P4501A 

activity were observed, what could point to interferences of metal ENMs with the metabolic 

capabilities of the organism. 

Overall the studies have highlighted that the liver is a major organ of distribution following ENM 

exposure and that liver cell lines can act as valuable and relevant in vitro test systems for NP 

hazard assessment. Once the toxicity (hazard) of ENM has been identified, these materials can 

be modified in different ways (e.g. using a variety of coatings) to reduce the hazard and make 

ENMs more biocompatible. This has been in focus in research paper 4 presented in this thesis. 

This study explored the influence of different peptide- biphenyl (PBH) ligands (containing 

moieties of glycine, cysteine, tyrosine, tryptophan, and methionine) on AuNPs physico-chemical 

properties and biological responses. Again liver cells provided systems to test differences in 

toxicity. Depending on the structure of the PBH capping ligand, the behaviour of AuNPs differed 

both in terms of stability and biocompatibility. PBH-capped AuNP containing trityl-cysteine 

showed remarkable stability and biocompatibility even in a culture medium environment without 

serum. Controlling ENMs properties and behaviours through the use of coatings and capping 

agents in this way could be used as control strategies in order to eliminate or reduce hazard. This 

level of control, together with an understanding of the ability of ENMs to transverse biological 

barriers and enter cells, opens up huge opportunities for safely designed ENMs that could be 

used as carriers of other substances into cells. These delivery systems will have a great impact 

on modern society with applications that go from biomedicine to agriculture. 

 

Conclusions 

The main conclusions obtained from this research are summarized below: 

 

1. Liver cell lines are relevant and valuable test systems that can be used to deepen our 

understanding of the mechanisms underlying the toxicity of metal ENMs both from an 

environmental and human health perspective. 

 

2. Important experimental adaptations may need to be taken when testing ENMs using in vitro 

cell culture test systems in order to achieve stable dispersions in the culture media. 

 

3. Technical issues related to the preparation of accurate exposure concentrations outline the 

necessity of measuring real concentrations instead of using nominal concentrations for 

estimating cytotoxicity. 

 

4. Interference checks should also be incorporated into the experimental design when testing 

NPs using in vitro cell culture systems to ensure no false positive/negative results due to 

reactivity or binding of NPs with assay components. 
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5. The metal ENMs tested can be ranked by their decreasing cytotoxicity to liver cell lines, 

estimated from the IC50 values calculated from responses in liver cells, as Ag>ZnO>Cu>Au. 

 

6. ENMs can enter the cells and appear within membrane enclosed bodies such as lysosomes. 

In addition, the increased effects with the neutral red assay, which monitors lysosomal 

functionality, supports that this mechanism can play a key role in the cytotoxicity of NPs. 

 

7. Nanoparticle-specific effects were evidenced highlighting the increased hazard from 

exposure of liver cells to metal ENMs compared to solely disolved metal ions. 

 

8. Primary particle size does not appear to dictate toxicity as there is no evidence of a size-

dependent (nano-specific) cytotoxic relationship.  

 

9. Although it has been claimed that oxidative stress is the most important mechanism of 

toxicity of ENMs, we have demonstrated that in several cases the toxicity of ENMs is not 

directly dependent on oxidative stress. 

 

10. Species-specific differences in sensitivity to the cytotoxic effects of ENMs exist that could 

be related to differences in tolerances of mammalian and piscine cells to metal ions which 

are released from the ENMs. 

 

11. Fish cell lines do not show necessarily a lower sensitivity than fish liver cells maintained in 

primary culture so that they appear as a valuable tool for the study of the cytotoxicity of 

ENMs. 

 

12. ZnO ENMs administered to fish through the diet resulted in the preferential accumulation of 

Zn in their gills and intestine. Zn distribution to the liver causes oxidative disturbances that 

are recovered by the organism adaptive responses during depuration. 

 

13. The toxicity of each ENM can be strongly influenced by variations in capping agents which 

opens the door to safe by design approaches. 
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Resumen 
Introducción 

Desde que se descubrió a inicios del siglo XXI que materiales conocidos, tales como los metales, 

sintetizados en escala nanométrica, presentaban propiedades extraordinarias y sorprendentes, 

que podrían ser muy beneficiosas y remodelar nuestro futuro, el número de nuevos materiales ha 

ido aumentando de forma exponencial. Los nanomateriales manufacturados (NMs) son 

materiales sintetizados por el hombre constituidos por partículas que poseen en al menos una de 

sus dimensiones un tamaño de entre 1 y 100 nm (ISO, 2016; EU, 2011). Este tamaño es 

importante desde un punto de vista regulatorio pero, en realidad, cuando se trabaja en el 

laboratorio estos límites se desdibujan  pudiendo hablar de NMs de algunos cientos de nms. En 

cualquier caso, antes de que el potencial de estos NMs pueda ser conocido por completo, es 

responsabilidad nuestra asegurar que todo el proceso de desarrollo lleve a la fabricación de 

materiales seguros. Como consecuencia de esta necesidad ha surgido la nanotoxicología que, por 

definición, es el estudio de los posibles efectos tóxicos de los NMs. Por el momento, las 

nanotecnologías están avanzando mucho más deprisa que nuestra capacidad de aprendizaje por 

lo que existe desconocimiento e incertidumbre sobre los posibles riesgos de estos NMs. Por lo 

tanto, el estudio de los posibles efectos toxicológicos (peligro) de los NMs, como parte de la 

evaluación del riesgo, es extremadamente importante para ahondar en nuestro conocimiento de 

los posibles impactos en la salud medio ambiental y humana (riesgos).  

En la actualidad existe una cierta preocupación social por el comportamiento impredecible de 

los materiales a escala nano, por su distribución generalizada y persistencia en el medio ambiente 

así como por su capacidad de penetración y de causar efectos adversos en los sistemas vivos.  

En la introducción general (capítulo 1) de esta tesis, se presenta el conocimiento actual en el área 

de la nanotoxicología así como las regulaciones que aseguran el uso sostenible y seguro de los 

NMS. Esta introducción se centra especialmente en el grupo de nanopartículas (NPs) metálicas 

y óxido-metálicas de mayor uso industrial y comercial, principalmente las de ZnO, Cu, Ag y Au, 

describiendo sus propiedades individuales, aplicaciones y posibles riesgos. 

Entrando en una nueva era, la nano era, las preguntas que debemos contestar incluyen las 

siguientes. ¿Cuál será el impacto del uso de los NMs sobre el medio ambiente? ¿Supondrá un 

problema de salud humana la exposición a los mismos? El primer paso para dar respuesta a estos 

interrogantes será identificar los posibles efectos adversos en los organismos vivos (peligro). El 

estudio de los posibles peligros de estos NMs requiere una aproximación más compleja que la 

que se seguiría con sustancias químicas así como el uso de metodologías específicas. En medios 

líquidos, los NMs forman suspensiones o coloides (si el NM se solubilizara, la naturaleza 

particulada de estos materiales se perdería y estaríamos enfrentándonos a los mismos problemas 

que con las sustancias químicas). Estos sistemas contienen partículas dispersas y quizás algún 

ion soluble procedente de la mismas. Además, los NMs presentan propiedades físicas y químicas 

específicas que les hace diferentes del material original de tamaño no nano y que influyen en su 

comportamiento. Es de especial importancia la superficie específica (área superficial) que 

aumenta considerablemente al disminuir el volumen (tamaño) de las NPs. La superficie 
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específica puede también aumentar notablemente en partículas de naturaleza porosa. El aumento 

de superficie conlleva un incremento significativo de la reactividad superficial de modo que los 

NMs se comportan de diferente forma que los materiales de origen. De esta forma, no sólo la 

composición química sino también la carga superficial condicionan las interacciones de las NPs 

con otras partículas o moléculas presentes en el medio en el que se encuentren. Por otro lado, la 

forma y el ratio anchura/altura de la NP van a influir profundamente en su persistencia. En la 

presente investigación nos hemos centrado en los posibles efectos adversos de los NMs por 

medio del uso de aproximaciones in vitro utilizando cultivos celulares. Puesto que el hígado ha 

sido identificado como un importante órgano diana para las NPs en un buen número de 

organismos en el presente trabajo se emplearon cultivos primarios de hepatocitos y líneas 

celulares procedentes de hígado como sistemas de ensayo in vitro. Considerando que una 

estrategia de ensayo integrada (ITS) se basa en el uso de métodos apropiados de ensayo, 

alternativos al uso experimental de animales, los ensayos in vitro son un elemento muy 

importante para la evaluación del peligro de los NMs. Existen líneas celulares de diversas 

especies, lo que proporciona un sistema potente para poder ensayar diferencias de susceptibilidad 

entre especies y/o ensayar los mecanismos de toxicidad propios de cada especie a nivel celular. 

Entre los mecanismos subyacentes a la toxicidad de NMs, el estrés oxidativo ha emergido como 

el paradigma responsable de todos los efectos adversos observados. El estrés oxidativo es un 

estado celular resultante de un desajuste entre la generación de especies de oxígeno reactivas 

(ROS) y la respuesta adaptativa del sistema endógeno antioxidante. Sin embargo no está claro si 

el estrés oxidativo asociado con los NMs es la causa directa de citotoxicidad o el efecto 

secundario al daño celular. Teniendo todo esto en cuenta, en las secciones correspondientes de 

la tesis, se han estudiado y discutido con especial detalle los procesos relacionados con el estrés 

oxidativo y la generación de ROS. 

En particular, en el artículo de investigación 1 se realizó un estudio en profundidad para 

investigar el papel del estrés oxidativo en la toxicidad de las NPs de Cu. Igualmente, se 

estudiaron las perturbaciones en el metabolismo oxidativo en peces expuestos a NPs de ZnO 

(artículo de investigación 3). 

En los NMs metálicos y óxido-metálicos preocupa especialmente la posible liberación de 

concentraciones elevadas de iones metálicos cuya toxicidad ya es conocida. Queda por elucidar 

cual es la contribución de la fracción nanoparticulada y de la fracción iónica a la toxicidad global 

observada. Para determinar el rol de los iones disueltos sobre los efectos observados, se pueden 

comparar las curvas dosis-respuesta de las NPs frente a las de concentraciones equivalentes de 

iones metálicos o frente a las de la fracción de ion liberado desde el NM en las condiciones de 

exposición. Teniendo esto en cuenta, en el presente estudio en la mayoría de los casos las células 

han sido expuestas a suspensiones de NPs y a una sal soluble del metal correspondiente. 

Por otra parte, si bien el estudio de la toxicidad de los NMs individualmente es esencial para 

entender los mecanismos de acción y evaluar y manejar apropiadamente los riesgos, en las 

situaciones reales los organismos se verán expuestos a mezclas de NPs que interaccionan entre 

ellas influyendo mutuamente en sus propiedades y efectos. Además conforme avanzan las 

nanotecnologías, se están desarrollando materiales con mezclas de NMs, por ejemplo los 

nanocompuestos y los materiales híbridos. Por lo tanto, es de gran interés investigar los efectos 
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resultantes de la co-exposición a múltiples NMs o a otros compuestos químicos nocivos que 

coexisten en el medio ambiente. Estos aspectos también han sido abordados en la presente tesis 

considerando la toxicidad combinada de NMs compuestos de Cu y de Zn. Estos metales fueron 

seleccionados pues son esenciales para los organismos y su equilibrio redunda en su salud 

general. Consideramos que merecía la pena llevar a cabo estos ensayos debido a las complejas 

interdependencias en la regulación del cobre y zinc en la célula. 

Aunque los sistemas de ensayo in vitro, tales como las líneas celulares, son una herramienta 

eficaz para abordar los estudios de toxicidad de NMs, sin embargo es necesario verificar si tales 

sistemas son representativos de los efectos biológicos originados in vivo. ¿Cómo se traducen las 

respuestas observadas in vitro en líneas celulares a situaciones in vivo en las que se producen 

respuestas adaptativas de todo el organismo y toxicocinéticas? Para responder a esta pregunta se 

deben realizar ensayos in vivo y por este motivo, se han realizado ensayos utilizando la trucha 

arco iris (artículo de investigación 3). Se expuso a las truchas a las mismas NPs de ZnO 

ensayadas en el artículo introductorio 1 pues se vio que producían citotoxicidad y aumentaban 

los niveles de ROS en líneas celulares hepáticas de pez. En el estudio in vivo, se analizó la 

distribución de Zn en el organismo así como, a nivel hepático, las alteraciones bioquímicas 

asociadas a estrés oxidativo para determinar la correspondencia in vitro – in vivo de los resultados 

encontrados en ambos estudios. 

Teniendo en cuenta todos los aspectos mencionados anteriormente, esta tesis presenta 7 artículos 

publicados, cada uno enfocado al ensayo de NMs específicos metálicos u óxido-metálicos, solos 

o en mezcla, y utilizando aproximaciones in vitro mediante una variedad de células (primarias y 

líneas celulares) e in vivo en trucha arco iris. Los experimentos de tres de estos artículos se 

desarrollaron previamente para contextualizar y dirigir nuestra investigación. Se les ha agrupado 

como “artículos introductorios” en el capítulo 3. Seguidamente, cada capítulo corresponde a un 

artículo de investigación publicado que aborda un aspecto particular de la toxicidad de NMs. 

Estos son los artículos que constituyen el trabajo original y específico de la presente tesis. 

 

Objetivos 

El principal objetivo de este trabajo fue generar nueva información sobre los mecanismos 

subyacentes a la toxicidad de nanomateriales metálicos o de óxidos metálicos sobre el hígado. 

Acometimos este objetivo tanto desde una perspectiva ambiental como de salud humana. Los 

nanomateriales estudiados fueron aquellos considerados como prioritarios a la hora de ser 

evaluados debido a su uso generalizado, a su alto volumen de producción, a su importancia 

comercial (OECD, 2010), o bien a sus posibles aplicaciones futuras. En ellos se incluyen 

nanomateriales de ZnO, Cu, Ag y Au. 

Otro de los objetivos generales de este trabajo consistió en generar información sobre el posible 

uso de líneas celulares como alternativa a los ensayos animales in vivo y como herramientas 

útiles para la identificación del peligro de los NMs, tanto en el marco de una estrategia global de 

detección de la toxicidad como a la hora de priorizar los NMs para la realización de ensayos in 

vivo más complejos. 
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Para alcanzar estos objetivos generales, en primer lugar se persiguieron los siguientes objetivos 

específicos (abordados en los primeros artículos científicos, que sirven como introductorios): 

 Investigar el potencial citotóxico de una serie de nanomateriales de diferentes tamaños y 

formas (NPs de ZnO y de Cu) y determinar si puede existir algún tipo de relación causal 

entre sus propiedades físico-químicas y las respuestas tóxicas observadas (artículos 

introductorios 1 y 2). 

 

 Investigar si existen diferencias entre líneas celulares de peces y mamíferos en cuanto a 

la sensibilidad /susceptibilidad frente a estos NMs, o si, de hecho, los NMs actúan por 

diferentes mecanismos de toxicidad en células procedentes de diferentes especies 

(artículos introductorios 1 y 2). 

 

 Determinar hasta qué punto la citotoxicidad (si existe) es causada por los iones generados 

por la disolución de las NPs o directamente por las NPs (artículos introductorios 1 y 2). 

 

 Evaluar si los efectos combinados de las NPs de ZnO y Cu investigadas difieren de los 

causados por cada uno de estos NMs individualmente (artículo introductorio 3). 

 

Estos objetivos iniciales nos permitieron generar información sobre los mecanismos subyacentes 

a los efectos tóxicos observados y nos permitieron formular objetivos específicos que se 

abordaron en los artículos de investigación que constituyen la estructura fundamental de esta 

tesis. 

Estos objetivos específicos se mencionan a continuación: 

 1. Determinar el papel real del estrés oxidativo como causa de la citotoxicidad de los NMs. 

Como se ha indicado en la introducción, se ha aceptado como una generalidad que el estrés 

oxidativo es la principal causa de la toxicidad de los NMs. Sin embargo, el estrés oxidativo puede 

ser, en realidad, consecuencia de la toxicidad. Con el fin de clarificar esta cuestión, se expusieron 

líneas celulares a NMs de Cu que inducían las producción de ROS en esas células y la toxicidad 

se evaluó bajo condiciones normales y tras reducir los niveles de ROS mediante la activación de 

las defensas celulares frente al estrés oxidativo (artículo de investigación 1). 

 2. Comparar la sensibilidad de diferentes líneas celulares de peces frente a la toxicidad de 

NMs e investigar si esas líneas celulares son representativas de células mantenidas en cultivo 

primario. 

Uno de los mayores problemas que encontramos al iniciar los estudios de toxicidad de NMs fue 

la selección de una línea celular apropiada. Nos pareció, por lo tanto, imprescindible realizar una 

serie de experimentos con el fin de evaluar la sensibilidad de distintas líneas celulares y de células 

mantenidas en cultivo primario. Teniendo esto en cuenta, en el artículo de investigación 2 se 

usaron tres líneas celulares de trucha arcoíris y hepatocitos aislados y mantenidos en cultivo 

primario. En este caso, para los ensayos de citotoxicidad se escogieron NPs de Ag, ya que de 

acuerdo con estudios recientes, estas NPs presentan uno de los mayores riesgos en comparación 

con otras NPs, particularmente en aguas superficiales. 
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 3. Obtener información acerca de la relevancia de los datos in vitro sobre toxicidad de NMs 

con respecto a la situación in vivo. 

Aunque hay una enorme cantidad de datos obtenidos in vitro sobre toxicidad de NMs, la 

información generada en experimentos in vivo es todavía muy escasa. Resulta, por lo tanto, 

imprescindible llevar a cabo experimentos que permitan generar información sobre la 

aplicabilidad de los datos generados in vitro a situaciones más realistas in vivo. Siguiendo este 

razonamiento, llevamos a cabo un experimento para determinar la toxicidad y bioacumulación 

de NPs de ZnO en trucha tras una exposición in vivo (siguiendo la guía técnica 305 de la OCDE) 

(artículo de investigación 3). Las NPs usadas en este caso fueron las mismas que las de los 

estudios previos con cultivos celulares, lo que permitió una comparación directa de los resultados 

obtenidos con las aproximaciones in vitro e in vivo.  

 4. Estudiar de qué modo las modificaciones en la composición química de la cubierta de 

los NMs afectan a sus propiedades físico químicas y a su biocompatibilidad y también determinar 

si el uso de distintas cubiertas puede ayudar al diseño de NMs más seguros. 

La superficie de las NPs puede funcionalizarse con distintas sustancias para ajustar las 

propiedades físico químicas y toxicológicas del NM. De este modo, podríamos desarrollar NMs 

más seguros, pero también incrementar la seguridad de los productos que contengan esos NMs 

y asegurar un bajo impacto negativo sobre la salud humana y el medio ambiente. Teniendo esto 

en cuenta estudiamos, usando cultivos celulares, la toxicidad de NPs de Au cubiertas con una 

serie de péptidos bifenilos (artículo de investigación 4). 

 

Resultados y Discusión 

 

En el capítulo 7 de la tesis se presenta una discusión general sobre los resultados obtenidos en 

los experimentos in vitro e in vivo en los que se utilizaron NMs metálicos y óxido-metálicos de 

Cu, ZnO, Ag y Au. 

En los artículos introductorios observamos que las NPs de ZnO presentan un riesgo mayor que 

las NPs de Cu en líneas celulares de hígado de mamífero y de pez. Además, se produjo un 

aumento del efecto citotóxico de las NPs de Cu cuando se añadieron NPs de ZnO. Los 

mecanismos responsables de este incremento de toxicidad parecen ser específicos de la fracción 

nanoparticulada y estar asociados con una mayor absorción celular de NPs de ZnO. Fue 

interesante comprobar que los iones Zn2+ liberados de las NPs no eran los responsables del efecto 

tóxico. Igualmente y en apoyo de los efectos específicos de las partículas, mediante el uso de 

modelos de respuesta aditiva, en el caso de las suspensiones de NPs de Cu, encontramos que la 

fracción nanoparticulada contribuía de un modo importante, junto con la fracción iónica, al 

efecto citotóxico observado en las líneas celulares hepáticas. Para poder distinguir de forma 

específica la contribución de los iones y de las NPs a la toxicidad realizamos un experimento 

con NPs de Cu de diferentes solubilidades. Se observó una toxicidad elevada en NPs de Cu de 

baja solubilidad lo que apoyó la hipótesis que las NPs, como tales, juegan un papel importante 

en la toxicidad, independientemente de, pero contribuyendo a, la toxicidad producida por los 
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iones. Además se produjo un aumento de ROS tras la exposición a suspensiones de partículas 

pero no a los iones liberados. En ambos estudios con NPs de ZnO y Cu hubo evidencia de 

captación celular y unión a orgánulos celulares para ambas NPs. Por lo tanto, en el caso de las 

NPs de ZnO y Cu, los hallazgos obtenidos apuntan a un incremento del peligro y riesgo por la 

presencia de formas nanoparticuladas, así como a interacciones biológicas únicas entre las 

células y estas NPs metálicas. 

En la tesis también nos hemos centrado fuertemente en la producción de ROS y en hasta qué 

punto el estrés oxidativo es responsable de la toxicidad de estos NMs metálicos. La cuestión 

planteada es si el estrés oxidativo es simplemente un efecto secundario asociado a muerte celular 

(consecuencia) o si el aumento de ROS es un paso clave (o un evento de iniciación molecular) 

en los mecanismos de toxicidad de los NMs. 

En las líneas celulares de pez, se observó un aumento en los niveles de ROS tras su exposición 

a NPs de ZnO. Sin embargo este aumento se producía a concentraciones de NPs de ZnO más 

elevadas que aquellas que ya producían un efecto citotóxico. Por el contrario, en células 

expuestas a NPs de Cu se produjo, a concentraciones en las que se observaba un efecto citotóxico, 

un aumento dependiente de la concentración en los niveles de ROS. Aparentemente, las NPs de 

ZnO y Cu causaban toxicidad por mecanismos diferentes. De hecho, esto sugiere que, entre el 

amplio abanico de NMs existentes, probablemente exista un elevado grado de variabilidad en 

los mecanismos responsables de citotoxicidad. 

Con el fin de averiguar hasta qué punto el estrés oxidativo dicta la toxicidad de los NMs, 

realizamos algunos experimentos exponiendo células a NPs de Cu, lo que causó un aumento de 

los niveles de ROS, y simultáneamente a un inductor del receptor de hidrocarburos aromáticos 

(AhR) que es responsable, en parte, de la activación de las defensas antioxidantes de las células. 

La inducción del AhR condujo a un aumento de la actividad del enzima glutatión-S-transferasa 

y a una disminución en los niveles de ROS en las células expuestas a NPs de Cu. Cuando se 

redujo la concentración de ROS y por lo tanto el estrés oxidativo, continuó apareciendo 

citotoxicidad, lo que sugiere que, al menos en el caso de las NPs de Cu, esta inducción de ROS 

no juega un papel fundamental en la citotoxidad (trabajo de investigación 1). Por lo tanto, 

conviene ser cauto al considerar el estrés oxidativo como causa fundamental de la toxicidad de 

los NMs, teniendo siempre en cuenta que puede haber otros mecanismos inductores de los 

efectos deletéreos. 

Los experimentos se hicieron con líneas celulares de hígado tanto de peces como de mamíferos 

con el fin de investigar diferencias en las respuestas tóxicas que pudieran estar asociadas a las 

especies de procedencia. Fue interesante observar que había una clara diferencia de sensibilidad 

entre líneas celulares frente a las NPs de Cu y de ZnO (artículos introductorios 1 y 2), siendo las 

de mamífero más sensibles que las de peces. También se observaron diferencias en la tolerancia 

frente a iones metálicos, lo que sugeriría que estos iones (liberados desde las NPs bien al medio 

de cultivo, bien intracelularmente) pueden ser un factor clave que determine esas diferencias de 

sensibilidad. Parece ser que las líneas celulares de mamífero son más sensibles a los iones, 

mientras que las de pez lo serían a la fracción particulada. 
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Teniendo en cuenta esta observación, en uno de los trabajos se comparó la citotoxicidad de NPs 

de Ag en varias líneas celulares de trucha arcoíris (Oncorhynchus mykiss) y en hepatocitos 

primarios de la misma especie (artículo de investigación 2). Se vio que las líneas celulares daban 

unas respuestas comparables a las de los hepatocitos primarios. La solidez de los sistemas 

basados en el uso de líneas celulares además se vio reforzada al incorporar en los ensayos de 

citotoxicidad hasta tres metodologías diferentes de medida de efectos sobre el mismo conjunto 

de células. Estos ensayos permitieron detectar alteraciones en la integridad de la membrana 

plasmática, en la estabilidad de los lisosomas y en la función mitocondrial. 

Con el fin de investigar de qué modo los resultados obtenidos in vitro pueden aplicarse a un 

organismo completo, se hicieron experimentos in vivo usando trucha arcoíris (trabajo de 

investigación 3). Las truchas se alimentaron con pienso al que se habían añadido NPs de ZnO y 

se realizaron medidas de los niveles de Zn en hígado y otros órganos, así como de la inducción 

de algunos enzimas de detoxificación. Los peces expuestos a altas concentraciones de NPs de 

ZnO (1000 mg/kg pienso) durante 10 días presentaron alteraciones en el metabolismo oxidativo 

pero fueron capaces de revertirlas durante la fase de depuración (28 días). Por lo tanto, aunque 

se vio que la inducción de estrés oxidativo detectada in vitro también aparecía in vivo, no se 

tradujo en un estado patológico de modo que los niveles de estrés oxidativo no excedieron la 

capacidad de respuesta antioxidante del pez. Sin embargo, se observaron alteraciones 

importantes en la actividad del citocromo P4501A, lo que apuntaría a interferencias de los NMs 

metálicos con la capacidad metabólica del organismo. 

En general, todos estos estudios han demostrado que, tras la exposición a los NMs, éstos pueden 

llegar hasta el hígado y que las líneas celulares procedentes de este órgano constituyen una 

herramienta muy valiosa para estimar el peligro de estas sustancias. Una vez que ese peligro (la 

toxicidad) ha sido establecido, se pueden conseguir variaciones en la toxicidad de un 

determinado NM modificando su superficie mediante la unión a otras moléculas. El artículo de 

investigación 4 se centró en este tipo de aproximaciones. Este estudio exploró de qué modo 

influían en las propiedades físico químicas y en la toxicidad de NPs de Au una serie de ligandos 

unidos a su superficie. Estos ligandos fueron péptidos bifenilos (PBH) (conteniendo glicina, 

cisteina, tirosina, triptófano y metionina). Se vio que dependiendo de la estructura del PBH, el 

comportamiento de las NPs de Au variaba en cuanto a su estabilidad y biocompatibilidad. Las 

NPs de Au recubiertas con PBHs que contenían tritil-cisteina mostraron una enorme estabilidad 

y causaron menos toxicidad que las otras NPs. Por lo tanto, el uso de estas cubiertas puede servir 

para controlar las propiedades y comportamiento de los NMs y para reducir su toxicidad. Este 

nivel de control, junto con el conocimiento de los mecanismos por los que los NMs atraviesan 

las membranas biológicas, abre la puerta al diseño de NMs seguros que puedan servir de 

transportadores de otras sustancias hacia el interior de organismos y células. Este tipo de 

aplicaciones tendrán un enorme impacto en nuestras sociedades modernas con repercusiones 

probablemente desde en agricultura hasta en biomedicina. 
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Conclusiones 

Se presentan a continuación las conclusiones más importantes generadas a partir de la 

investigación realizada: 

 

1. Las líneas celulares obtenidas a partir de hígado constituyen unos sistemas de ensayo de 

enorme relevancia que pueden usarse para profundizar en nuestro conocimiento sobre los 

mecanismos subyacentes a la toxicidad de NMs manufacturados, tanto desde una perspectiva 

ambiental como de salud humana. 

 

2. Al ensayar NMs en cultivos celulares in vitro es posible que sea necesario realizar 

importantes adaptaciones experimentales para conseguir dispersiones estables en el medio 

de cultivo. 

 

3. El uso de dispersiones de NMs en vez de disoluciones da lugar a problemas técnicos para la 

consecución de las concentraciones deseadas al realizar diluciones, lo que subraya la 

necesidad de llevar a cabo medidas de concentraciones reales en vez de utilizar 

concentraciones nominales. 

 

4. Al estudiar la citotoxicidad de NPs en sistemas celulares in vitro es necesario chequear las 

posibles interferencias de esas NPs con las medidas, interferencias debidas a su reacción o 

unión con los compuestos usados en el ensayo. 

 

5. Los NMs metálicos utilizados en este estudio pueden ser ordenados siguiendo valores 

decrecientes de citotoxicidad, estimada a partir de los valores de IC50 en líneas celulares de 

hígado, del siguiente modo: Ag>ZnO>Cu>Au. 

 

6. Los NMs son capaces de entrar en las células apareciendo en el interior de los lisosomas. 

Además, los importantes efectos observados en las medidas del ensayo de rojo neutro, que 

refleja alteraciones en el funcionamiento de los lisosomas, sugieren que este mecanismo 

puede jugar un papel fundamental en la citotoxicidad de las NPs. 

 

7. El tamaño de las partículas no parece ser determinante en la toxicidad puesto que no se ha 

observado una relación directa entre citotoxicidad y tamaño de las NPs. 

 

8. Se han observado efectos específicos de la fracción nanoparticulada lo que evidencia el 

mayor peligro de los NMs metálicos para las células de hígado con respecto a los iones 

metálicos liberados. 

 

9. Aunque se ha propuesto que el estrés oxidativo constituye el mecanismo más importante de 

citotoxicidad de los NMs, hemos demostrado que en varios casos la citotoxicidad de los NMs 

no es directamente dependiente del estrés oxidativo. 

 

10. Las diferencias interespecíficas en la sensibilidad a los efectos citotóxicos de los NMs 

podrían relacionarse con diferencias en la tolerancia de las células de mamíferos y peces a 

los iones metálicos liberados de los NMs. 
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11. Las líneas celulares de peces no muestran necesariamente una menor sensibilidad que las 

células mantenidas en cultivo primario frente a la toxicidad de los NMs, lo que hace de ellas 

unas valiosas herramientas para el estudio de la citotoxicidad de estas sustancias. 

 

12. La administración de un NM de ZnO a peces a través de la dieta resultó en la acumulación 

preferencial de Zn en branquias e intestino. Además la llegada de Zn al hígado dio lugar a 

alteraciones en el equilibrio oxidativo que desaparecieron en la fase de depuración por la 

respuesta adaptativa del organismo. 

 

13. La toxicidad de cada tipo de NM puede verse fuertemente influenciada por el tipo de agentes 

de superficie con los que se asocie, lo que abre la puerta a avances en la seguridad de los 

NMs a través del diseño. 
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CHAPTER 1: 

GENERAL INTRODUCTION 
 

 

1.1 Nanotoxicology 

1.1.1 Its emergence and current state of the field  

The engineering and manipulation of materials at a scale a billion times smaller than a metre-at 

nanometre scale- has led to the emergence of a highly exploitable technology in the last decade 

known as nanotechnology. This technology exploits the specific properties that materials, 

commonly referred to as engineered nanomaterials (ENMs), can exhibit at nanometre scale. 

ENMs are defined as those materials composed of particles having at least one dimension 

measuring < 100 nm. In this size range materials have a larger specific surface area. In other 

words the ratio between surface and unit of volume or unit of mass increases enormously 

compared to the bulk materials. As a consequence they exhibit unique physical properties, 

chemical reactivity, as well as quantum confinement effects1 that can give rise to distinct size-

dependent properties compared to larger “bulk” materials (Auffan et al. 2009). These distinct, 

and often new or enhanced, properties have led to their applications in various industries 

(automobile, construction, electronics, biotechnology and medicine) and incorporation into 

many (>1,800) consumer products (Project on Emerging Nanotechnologies, 20152). 

Nanotoxicology is a very recent discipline that actually emerged at the beginning of the first 

decade of this century as an important means “to contribute to the development of a sustainable 

and safe nanotechnology” (Donaldson et al. 2004). By definition, nanotoxicology is the study of 

the potential toxicological effects of nanomaterials. The disciplines emergence was seen as 

“timely and necessary” when reports detailing increased toxicity of some ENMs, compared to 

chemically identical bulk materials, surfaced (Kipen and Laskin 2005, Nel et al. 2006, 

Oberdörster et al. 2005). This, together with a general lack of information on the potential of 

ENMs to elicit toxic effects, led to uncertainties and knowledge gaps that needed to be filled. 

With this realisation, the health, safety, environmental, social and ethical implications of existing 

and future nanotechnologies became a topic of real concern (Royal Society & Royal Academy 

of Engineering 2004). Concerns surrounding the potential of materials with altered properties to 

have adverse effects on both the environment and to human health, associated with increased 

toxicity, bioavailability or environmental persistence, emerged.  

                                                           
1 The bulk properties of any material are merely the average of all the quantum forces affecting all the atoms that make up the material. 

However nanomaterials properties can be controlled by the specific behaviour of individual atoms or molecules. 

 
2 According to an online global ‘Nanotechnology Consumer Products Inventory' maintained by the Project on Emerging Nanotechnologies 

since 2005 http://www.nanotechproject.org/cpi/products/ accessed July 2015 

http://www.nanotechproject.org/cpi/products/
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Today, following intensive research efforts in Europe (under 6th and 7th framework programmes, 

and currently under Horizon 2020) and internationally, substantial data has emerged to provide 

evidence that some ENMs have toxicological effects and represent a hazard both to human health 

and the environment. In the area of human health initial investigations focused on the lung as a 

possible target organ following reports dating back to 2001 of the pulmonary toxicity of naturally 

occurring ultrafine particulates3 (Brown et al. 2001, Donaldson et al. 2001, Donaldson and Tran 

2002, Ferin et al. 1990, Oberdörster 2001) and also past concerns surrounding asbestos in the 

area of fibre toxicology4. Reports emerged showing biopersistance and toxicity of engineered 

fibrous nanotubes of carbon, not unlike asbestos in the lungs of rats and mice (Lam et al. 2004, 

Muller et al. 2005, Poland et al. 2008, Shvedova et al. 2005). For a range of other types of ENMs, 

including metal and metal oxides (e.g. copper oxide), toxicity in lung epithelial cells was also 

evidenced (Eom and Choi 2009, Karlsson et al. 2008, Limbach et al. 2007). However reports 

also emerged showing cardiovascular effects (systemic effects) following pulmonary exposure 

(Li et al. 2007) and that other organ systems such as the liver, spleen and even the central nervous 

system could also be adversely affected following exposure to ENMs through inhalation 

(Oberdörster et al. 2004, Wang et al. 2008). These observations were among the first to highlight 

the potential heightened risk of ENMs associated with their ability to translocate to multiple 

organ systems. Nowadays it is the generally held opinion that ENMs can easily transverse 

biological barriers and cell membranes into systemic circulation and be redistributed to multiple 

organs, irrespective of route of exposure5. ENMs can be present in sizes small enough to even 

cross the blood-brain and blood-testis barriers which are designed to be highly selective for 

protective purposes (Gao et al. 2013, Kim et al. 2008, Kwon et al. 2008, Tang et al. 2008, 2009). 

Evidence has also emerged to show that ENMs can even cross from mother to baby through the 

placental membrane, affecting embryonic development and causing pregnancy complications in 

mice (Pietroiusti et al. 2011, Wick et al. 2010, Yamashita et al. 2011). The precise means by 

which these particles translocate, distribute and interact with biological systems is an area of 

intense research, with efforts currently undergoing to assess the potential toxic effects in a wide 

range of organs and different cell types. 

On an environmental level, over the last decade the widespread production, processing, use and 

disposal of ENMs is leading to their release into the environment. The term “nanowaste” was 

first coined by Bystrzejewska-Piotrowska and and co-authors in 2009 and according to estimates 

for 2010 up to 309,000 tonnes of ENMs ended up either in landfill or spread across 

environmental compartments (soils, 28%; water bodies, 7%; atmosphere, 1.5%) (Keller et al. 

2013). The increase in manufacturing or production volumes (some ENMs being produced at >1 

million tonnes per annum (Simonet and Valcarel 2009)6) will lead to an increase in by-products, 

emissions and potential contaminants associated with the nanotechnology industry which at 

present has produced 11.5 million tonnes globally7. Many of these ENMs are environmentally 

                                                           
3 Components of air pollution derived from primary combustion sources that also are in nano-size range. 
4  Asbestos has been proven to cause fibrosis of the lung (asbestosis) and lung cancer (mesothelioma). ENMs such as carbon nanotubes are 

similar in shape, size, structure and form to asbestos fibres. 
5 Either through inhalation, dermal contact, ingestion or intravenously 
6 Registration of nano Calcium Carbonate (CaC03) under REACH (production between 1-10 tonnes) 
7 According to estimates reported in the European commission staff working paper on Types and uses of nanomaterials, including safety 

aspects, Brussels, 3.10.2012   SWD(2012) 288 final. Available online: http://ec.europa.eu/health/nanotechnology/docs/swd_2012_288_en.pdf. 

Last accessed September 2014 

http://ec.europa.eu/health/nanotechnology/docs/swd_2012_288_en.pdf
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bio-persistent and have already been detected in leachates from sea sediment (Hennebert et al. 

2011) and at waste sites (wastewater treatment plants, solid waste incineration plants) (Walser 

et al. 2012, Westerhoff et al. 2011). This, coupled with demonstrations of toxicity of ENMs 

towards a range of organisms, suggests that at present the uncontrolled environmental release of 

nanomaterials may pose a risk to all levels of organisation from the soil microbial community 

(Nogueira et al. 2012) to plants (Lin and Xing 2007, Lee et al. 2010), algae, single-celled 

organisms to multicellular organisms including aquatic invertebrates and fish (Bondarenko et al. 

2013).  

1.1.2 Regulatory framework  

We rely on regulation to ensure the responsible development of nanotechnology by mitigating 

the potential risks of nanomaterials. In Europe nanomaterials are included8, although not 

mentioned explicitly, under the regulation (EC) No 1097/2006 concerning the Registration, 

Evaluation, Authorisation and Restriction of Chemicals (REACH) manufactured and imported 

in the EU. This regulation was established to improve the protection of human health and the 

environment from the risks that can be posed by chemicals.  

Nanomaterials have been entering into the commercial marketplace since the 1990’s unlabelled 

and with a complete lack of consumer awareness. To improve transparency new regulations have 

been introduced in the cosmetics (EC No. 1223/2009) and food sectors (EC No. 1169/2011). 

Under these regulations it is obligatory that all ingredients incorporating ENMs be labelled with 

the word “nano” in brackets. Additionally, under the article 16 of Regulation (EC) No 1223/2009 

six months prior to placing a cosmetic product containing nanomaterials on the market, 

manufacturers, importers, or certain distributors must notify the European Commission and 

provide chemical safety data (European Commission 2009b).  

There are currently 4 registered nanomaterials that are being manufactured or imported at 

tonnage levels of more than 100 t/year that require registration and chemical safety data  

(following the latest REACH registration deadline, June 2013). However ENMs are also likely 

being produced under tonnage threshold levels currently required for registration (<1 t/yr) and 

chemical safety reporting (<10 t /yr) under REACH. For this reason there is a debate whether 

nanomaterial regulation under REACH is sufficient or if it needs to be amended to include 

special provisions for ENMs, because while ENMs may be produced in small quantities they 

may be widely dispersed across many sectors.  

In order to evaluate the risk to human health and the environment from ENMs there is a general 

consensus that existing test guidelines and risk assessment frameworks can be applied for ENM 

assessment with some adaptations and refinements (OECD 2014). The European Chemicals 

Agency (ECHA), which is responsible for implementing REACH regulation, has recognised the 

regulatory challenges in the risk assessment of nanomaterials. The European Commission’s 

REACH Implementation Projects on Nanomaterials (RIPoNs) have given advice to ECHA on 

ways to further incorporate nanomaterials into guidance documents. The modification of annexes 

and technical guidance documents to include specifications for nano is currently under review.   

                                                           
8 covered by definition of a substance 
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Nanomaterial regulation is also complicated by the fact that at present there is no harmonised 

regulatory definition for what a nanomaterial is. Working definitions have been developed by 

scientific committees of the EU (Scientific Committee on Emerging and Newly Identified Health 

Risks (SCENIHR)), by the International Organisation for Standardization (ISO) and by EU 

regulators using different adaptations taking into account aggregation/agglomeration state, and 

specific properties such as solubility which control biopersistance. A nanomaterial, as defined in 

Article 2.1(k) of the current legislation on cosmetics products (EC/1223/2009), means “an 

insoluble or biopersistant and intentionally manufactured material with one or more external 

dimensions, or an internal structure, on the scale from 1 to 100 nm”. While the European 

commission recommendation proposed the legal definition of a nanomaterial as a “a natural, 

incidental or manufactured material containing particles, in an unbound state or as an aggregate 

or as an agglomerate and where, for 50%9 or more of the particles in the number size distribution, 

one or more external dimensions is in the size range 1 nm–100 nm (European Commission 2011). 

Some argue that a size range should not be part of a definition (Schmid et al. 2003) as 

particles/aggregates >100 nm in size have also shown toxic effects. The appropriateness of such 

a definition for regulatory purposes is currently being evaluated (Rauscher et al. 2015). 

1.2 Metal and metal oxide nanomaterials: Human Health and Environmental risks 

In a broad sense ENMs can be grouped into organic (e.g. dendrimers), carbon-based (i.e. 

allotropic forms of carbon such as fullerenes, carbon nanotubes, or graphene) and metal based 

(metals/metal oxides) and can be engineered as single particles, fibres, sheets or tube like 

structures of various sizes and shapes. The metal and metal oxides are an important group as 

they collectively encompass the vast majority (>75%) of ENMs used both industrially and 

commercially (Woodrow Wilson database, 2014). Metals are excellent conductors of both heat 

and electricity. Collectively, their inherent physical and chemical properties have led to metals 

being used in their bulk form for centuries with a wide variety of applications, from copper wires 

powering our electrical devices to zinc incorporated into “zinc white” paints. However, the new 

and enhanced properties conferred upon these materials at nanoscale have led to them becoming 

highly exploited in modern society. In fact it is estimated that the average person will come into 

contact (through intentional and/or unintentional exposure) with some form of metal-based ENM 

in their everyday lives from applying cosmetics or deodorants to ingesting foods containing 

nanoparticulate additives10.  Thus, through regular use, disposal and degradation of these 

consumer products ENMs will be released into the environment.  

Ascertaining exposure levels to organisms in the environment and what entity in fact organisms 

will be exposed to is more challenging. Metal-based ENMs have complex behaviours in natural 

systems that may present new and as yet understood risks to such environments. Agglomeration 

state, dissolution, surface modifications and chemical speciation are important processes that 

control fate, behaviour and transport. While metals are important contaminants of environments 

worldwide and known to be persistent and non-biodegradable, in some cases metal-based ENMs 

                                                           
9 it also states that in specific cases and where warranted by concerns for the environment, health, safety or competitiveness the number size 

distribution threshold of 50% may be replaced by a threshold between 1 and 50%. 
10 Through ingestion alone it has been estimated that daily exposure to nanoparticles could be as high as 40 mg per individual per day (Powell 

et al. 2010, Lomer et al. 2004). Nanofoods is an area of particular concern with adverse effects evidenced in gastric epithelial cells following 

exposure to a commonly used food additive TiO2 NPs (Botelho et al. 2014). 
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have been shown to have a higher and unique toxic potential compared to metals in their bulk 

forms. Particularly in the case of metal and metal oxide ENMs, they can be susceptible to 

dissolution processes and can undergo transformations from nanoparticles to ions. Metal ions 

such as Ag+, Cu2+, Zn2+ released from ENMs will pose toxicity concerns of their own. In fact 

due to the potential role from both particles and ions, the main risk for the environment is 

expected from metals and metal oxides (Aschberger et al. 2011). For example metal ions released 

from ENMs can cause localized toxic effects in the respiratory system of fish through the gills 

by disturbing ion regulation (Na+ and Cl-) and transport systems (basolateral Na+, K+ATPase, 

Ca2+ATPase enzyme activity) (Hogstrand and Wood 1996, Lauren and McDonald 1986, Spry 

and Wood 1989, Verbost et al. 1989, Wood 1992) but also particles can themselves be ingested 

by aquatic organisms, be transported to the gut epithelium, into the circulatory system and may 

cause adverse effects. The extent to which metal ions and particles play a role is the subject of 

an intense scientific debate.  

Irrespective of the role of ions or particles, a recent extensive review of toxicological  research  

on  nano  metals and metal oxides (silver, copper  oxide and  zinc  oxide)  report  that  they  are 

extremely  toxic  (as  defined  by Regulation (EC) No 1907/2006) to  freshwater   aquatic 

organisms (Bondarenko et al. 2013). Factors such as trophic transfer and biomagnification 

effects associated with bioaccumulation also come into play when dealing with potentially 

biopersistant metal-based ENMs. This may lead to not only individual but population and 

community effects. This has been a major topic in many review papers (Baun et al. 2008, Handy 

et al. 2008, Klaine et al. 2008, Moore 2006) and research is still very much in its infancy in the 

area of nanoecotoxicology.  

ZnO, Ag and Au ENMs are among representative ENM that have been identified as those which 

should be assessed with high priority due to their widespread use, production volume and 

commercial importance (OECD 2010). ENMs of copper (Cu) are attracting attention due to their 

low cost and ease of availability, that may see their widespread use in the future. Therefore in 

this thesis the hazard associated with these particular metal-based ENMs was focused on. The 

properties at nanoscale that have led to their widespread use and the potential human health and 

environmental risks from exposure, according to toxicity assessments carried out to date, are 

outlined below. 

1.2.1 Zinc oxide (ZnO) ENMs 

ZnO has inherent physical and chemical properties that can give rise to a high capacity of light 

scattering and absorption, high electrical conductivity, excellent optical transmissivity, and often 

photocatalytic and antibacterial activity. This has led to its use in various and vast applications 

for centuries. However ZnO ENMs have replaced ZnO in a wide range of both consumer and 

industrial products due to, in some cases, their enhanced and more desirable properties. For 

example since the 1990’s ZnO ENMs have replaced ZnO in sunscreens as at nanoscale ZnO 

becomes transparent11 and thus is more desirable than white opaque ZnO formulations. ZnO 

exhibits antibacterial properties against an array of pathogens however higher antibacterial 

activity has been shown at smaller nanoparticle sizes (Jones et al. 2008, Raghupathi et al. 2011). 

                                                           
11 absorb and scatter light vs reflects and scatters of ZnO 
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ZnO ENMs highly desirable antibacterial properties are being investigated for their use in the 

food, textile and medical industry through their incorporation in food packaging, cloths and anti-

microbial surface coatings. Global production volumes are between 32,000- 36,000 tonnes per 

year in 201412.  

However uncertainties surround ZnO ENMs potential hazards both from a human health and 

environmental perspective. While it is known that inhalation of ZnO fumes in an occupational 

setting can cause metal fume fever the potential adverse effects associated with ZnO ENMs are 

unclear. Sunscreens containing ZnO ENMs have not been approved for use as sprays or in 

powder form due to concerns over potential toxicity in the lungs. Toxicity in the kidneys and 

liver following exposure to ZnO ENMs has been shown in inhalation studies with rats (Wang et 

al. 2010). Therefore important considerations need to be given to hazards particularly in an 

occupational setting where workers in production facilities may be exposed to high 

concentrations through inhalation.  

Often ZnO ENMs can show heightened photocatalytic activity when they are exposed to UV 

radiation that can lead to free radicals being formed, which can damage cells. For this reason 

often they require surface coating13 in order to prevent any adverse reactions. ZnO ENMs are 

also present in consumer products that may be ingested (e.g. toothpaste) and thus the 

gastrointestinal tract may be adversely affected. The hazard associated with exposure can be 

assessed using various cell types of the tract such as colon cells, with preliminary results 

suggesting ZnO ENMs are cytotoxic to this cell type (De Berardis et al. 2010) as well as liver 

cells which are involved in metabolism and excretion (Kermanizadeh et al., 2013, Wang et al. 

2011). The mammalian toxicity of ZnO nanoparticles has been reviewed (Vandebriel and De 

Jong et al. 2012). Cytotoxicity of ZnO ENMs has been demonstrated towards a range of different 

cell types from different organs; lung epithelial cells (Huang et al. 2010, Hsiao and Huang 2011, 

Lin et al. 2009, Xia et al. 2008a), kidney cells (Pujalte et al. 2011), colon/intestinal cells (De 

Berardis et al. 2010, Kang et al. 2013). There are also concerns over possible genotoxic effects 

with the first reports of DNA damage in a human epidermal cell line being made by Sharma and 

colleagues in 2009 (Sharma et al. 2009). 

The potential heightened risk of ZnO ENMs to the environment lies in the fact that in 

comparative toxicity studies ZnO ENMs continuously show greater toxicity compared to other 

metal oxides towards soil and aquatic dwelling organisms (Wu et al. 2013a, Zhu et al. 2008). In 

fish nanoparticles of ZnO have shown increased bioaccumulation and toxic effects compared to 

bulk forms (Hao et al. 2013). Evidence of adverse effects suggests that ZnO ENMs may pose a 

hazard and additional studies to ascertain dose response relationships and to predict possible 

exposure concentrations will aid in risk assessment.  

 

 

 

                                                           
12 http://www.futuremarketsinc.com/wp-content/uploads/2015/03/The-Global-Market-for-Copper-Oxide-Nanoparticles-2010-2025.pdf 
13 Coating material includes aluminum hydroxide (Al[OH]3), polymers and inert oxides of silica 
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1.2.2 Copper (Cu) ENMs 

ENMs of copper are of particular high interest due to their low cost, ease of availability and 

potential for replacing other metal ENMs with similar properties such as silver. Copper is an 

excellent conductor of heat and electricity14, it acts as a good catalyst, it has antimicrobial 

properties, and is produced in large quantities mainly for use in electrical wiring (290-570 tonnes 

produced globally per year15). Cu ENMs have proven to have superior antibacterial properties 

compared to Ag ENMs (Yoon et al. 2007) and they are being investigated to replace Ag ENMs 

for use in various industrial applications such as in inks for conductive printing. 

While, at present, Cu ENMs are not being produced or applied in such quantities as ZnO or Ag 

ENMs, their emergence as economically advantageous replacements will inevitably lead to their 

more widespread use in the future. This will ultimately result in an increase in both human and 

environmental exposure, making hazard assessments more pertinent. Currently, hazard 

assessments for Cu ENMs are scarcer than for other metal and metal oxide ENMs. However, 

most strikingly the visual observations of grave toxicological effects of Cu ENMs on the kidney, 

liver and spleen in mouse models in vivo have been highlighted by Meng et al. (2007) and Chen 

et al. (2006) with heightened toxic efficacy at nanoscale compared to bulk counterparts. From 

an environmental perspective, Cu ENM waterborne exposures performed in rainbow trout have 

caused pathologies in many organs including the brain (Al-Bairuty et al. 2013, Shaw et al. 2012). 

Copper ENMs can be oxidised and thus can exist as cupric oxide (CuO) nanoparticles. In fact 

most studies have focused on the hazards associated with CuO ENM despite Cu ENMs being 

more favourable due to the loss of conductivity as oxide forms. These studies have shown that 

CuO ENMs are also more toxic than bulk counterparts (Semisch et al. 2014, Wang et al. 2012) 

and can be more toxic than other metal oxides (Karlsson et al. 2008). 

Toxic effects have been linked to the release of high concentrations of cupric ions either at the 

cell surface (Karlsson et al. 2013) or intracellularly (Studer et al. 2010). However lower acute 

toxicity has been observed following Cu ENM exposure compared to soluble forms of copper 

(CuCl2,CuNO3,CuSO4) in fish (Grosell et al. 2007) suggesting unique heightened hazard from 

particle exposure. 

Copper is also a redox active metal capable of producing hydroxyl radical by Haber-Weiss16 and 

Fenton-like reactions17. Redox cycling between different valence states on the surface of Cu 

ENMs can also lead to the generation of reactive oxygen species producing pro-oxidant effects. 

The induction of both inflammatory responses and of oxidative DNA damage have been 

described as cellular effects mediated by CuO ENMs (Ahamed et al. 2010, Cho et al. 2010, 

Fahmy and Cormier 2009, Studer et al. 2010). Thus, oxidative stress has been proposed as the 

major mechanism of toxicity associated with Cu based ENM exposure.  

                                                           
14 second only to silver in the table of elements for the best electrical conductivity properties, with over half of all globally produced (20 

million tonnes per year) copper going into electrical wiring. 
15 http://www.futuremarketsinc.com/wp-content/uploads/2015/03/The-Global-Market-for-Copper-Oxide-Nanoparticles-2010-2025.pdf 
16 a reaction between oxidized metal ion and H2O2 to induce OH•  
17 In this reaction a transition metal ion reacts with H2O2 to yield OH• and an oxidized metal ion 
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Collectively Cu ENMs potential widespread use, their high redox activity and toxicity reported 

from studies to date warrant further investigations.  

1.2.3 Silver (Ag) ENMs  

Silver has been known for centuries for its germicidal properties and it is Ag ENMs distinct high 

and broad spectrum antimicrobial activity18 that has led to their incorporation into a growing list 

of consumer products (> 400 nano silver incorporated products). They are currently the most 

commercialized ENM, used for antimicrobial and disinfection purposes in wide sectors including 

health, food storage and the textile industry. In contrast to elements such as copper, zinc, and 

iron which are essential in trace amounts for organisms, silver has no biological function. In fact 

in its ionic form (and bioavailable) silver is one of the most toxic metals. Micro-organisms and 

aquatic life are particularly susceptible to silver nanoparticle toxicity (Rai et al. 2012, Sohn et al. 

2015). This represents a potential hazard, as through consumer use some products containing Ag 

ENMs have the potential to directly release Ag ENMs and silver ions into the environment and 

water systems. In fact the release of Ag ENMs from socks and textiles already has been 

documented (Benn and Westerhoff 2008, Geranio et al. 2009) and they have been reported in 

sewage sludge in the form of silver sulfide (Potera 2010). Therefore Ag ENMs released into 

aquatic environments may adversely affect a range of aquatic organisms by acting as a source of 

toxic ions or eliciting distinct toxic effects themselves. According to current environmental risk 

assessments, based on modelling predicted environmental concentrations (PEC) and taking into 

account species sensitivity distributions, Ag ENMs show one of the highest risks compared to 

other ENMs, particularly in surface waters (Gottschalk et al. 2013). They also have been shown 

as acutely toxic to a range of freshwater organisms according to the Globally Harmonized 

System of Classification and Labelling of Chemicals (Sohn et al. 2015). 

Silver ENM toxicity assessments performed to date show toxic effects in aquatic invertebrates, 

algae and fish (Fabrega et al. 2011). For example Ag ENMs have been shown to affect early life 

stage development in fish with hatching delays, decreased survival rates, physical deformities 

and cardiovascular defects reported (Asharani et al. 2011, Bar-llan et al. 2009, Kashiwada et al. 

2012). They have also been shown to accumulate in plants and animals (Park 2013, Scown et al. 

2010). For example in rainbow trout exposures Ag ENMs were highly concentrated in the liver 

(Scown et al. 2010). This would suggest whole ecosystem-level (plants, micro-organisms) 

impacts following the intentional19/unintentional release of Ag ENMs into the environment.  

 

 

 

 

                                                           
18 antimicrobial efficacy against even multidrug-resistant and highly pathogenic bacteria (Rai et al. 2012) and even have been studied for their 

application in combating the HIV virus (Elehiguerra et al. 2005, Lara et al. 2005). 
19 Adverse effects have already been seen following application of wastewater treatment biosolids containing Ag ENMs to the land as fertilizer 

(Colman et al. 2013).  
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1.2.4 Gold (Au) ENMs 

The focus of Au ENMs application has mainly been in the area of biomedicine. Gold in its bulk 

form has been used in biomedicine since the 1950s and is well recognised as being safe for use. 

Au ENMs are now being investigated heavily for their use in an extensive range of potential 

biomedical applications such as drug delivery systems. However, unlike the bright lustrous 

colour of gold in its bulk form, suspensions of gold nanoparticles appear as different shades of 

red or blue at 10-200 nm scale. This is due to the collective oscillation of surface electrons upon 

irradiation with light known as surface plasmon resonance. This surface plasmon resonance 

means that Au ENMs can absorb and scatter light with a high extinction coefficient (very 

intensely) and this has led to applications in sensing, bio-imaging and colorimetric assays for 

diagnostics.  

Au ENMs also can be easily functionalised through surface modifications and thus this widens 

the application window of Au ENMs. Au ENMs can also be functionalised with organic 

molecules such as peptides and even DNA and in fact such an approach is seen as promising for 

drug delivery and gene therapy. Research today is focused on developing such 

functionalisation’s to target certain cell type’s (e.g. tumour cells in cancer therapy). By using 

different surface coatings, for example bovine serum albumin (BSA) or glutathione (GSH), 

different biodistribution patterns have been evidenced (Zhang et al. 2012). The biocompatibility 

of such approaches must be addressed however, as even for such a seemingly inert material as 

gold, particle size can influence biological effects (Brown et al. 2008). There are some 

conflicting results with regard to the biocompatibility of Au ENMs with evidence of both toxicity 

(Connor et al. 2005)  and biocompatibility (Shukla et al. 2005) and even some studies showing 

that different surface groups/chemistries can dictate responses (Goodmann et al. 2004). Also 

distinct size dependent toxicities have been reported for Au ENMs of smaller sizes (1-2 nm) (Pan 

et al. 2007, Tsoli et al. 2005). Acute inflammation and apoptosis in the liver of rats following 

intravenous administration has also been reported (Cho et al. 2009). 

1.2.5 Risks from co-exposures to metals  

Metals such as copper and zinc play very important roles in the body and they are found 

distributed among thousands of proteins where they act as co-factors. They also have a close 

interrelationship (Osredkar J and Sustar N 2011). Zinc can compete with copper for absorption 

and binding sites on albumin (Bal et al. 1998). A high intake of zinc may result in decreased 

assimilation of copper as zinc stimulates synthesis of metallothionein which preferentially binds 

copper in the cytosol and reduces Cu absorption in the intestine and prevents hepatic 

accumulation (Fischer et al. 1981, 1983, Fosmire 1990, Hall et al. 1979, L’Abbe & Fischer 1984, 

Nielson and Winge 1984). Therefore very high doses of zinc can lead to serious and potentially 

fatal copper deficiency. For example when animals are fed high doses of zinc, their systems 

became incapable of absorbing enough copper to maintain health. In one study pregnant sheep’s 

reproductive performance was severely impaired and an increase in the incidence of nonviable 

lambs was witnessed following being fed diets high in zinc (750 mg/kg) (Campbell & Mills 

1979). For this reason uptake of both metals must be very tightly regulated and a balanced 
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copper/zinc ratio20 maintained. Silver has also been observed to alter copper metabolism 

(Hirasawa et al. 1994). In particular there is evidence to suggest silver salts cause embryotoxicity 

through altering the copper-transporting function of ceruloplasmin (Shavlovski et al. 1995). 

There are also instances of synergistic interrelationships in the environment between metals 

where one may increase or decrease the bioavailability of another. For instance, there is evidence 

that the presence of nano titanium dioxide may increase  the  accumulation  of  cadmium  in  carp  

( Cyprinius  carpio ) (Zhang et al. 2007). 

Taken together, along with the fact that already the simultaneous presence of different metal and 

metal oxide nanomaterials in the environment has been reported (Bolyard et al. 2013, 

Bystrzejewska-Piotrowaka et al. 2009), this raises considerable concerns about the potential 

adverse effects of co-exposure. At present this is an area of research in which there is a lack of 

data both on the co-occurrence of ENMs in the environment and associated hazards.  

1.3 Nanomaterial hazard assessment 

 

A hazard is defined as an inherent property of an agent or situation having the potential to cause 

adverse effects when an organism, system or (sub) population is exposed to that agent (OECD 

2004). Hazard identification is the first step in the process of risk assessment and it involves 

investigating a dose-response relationship and establishing half maximal lethal/effect/inhibitory 

concentration (LC50/EC50/IC50 respectively) values from these relationships. Other 

concentrations values, as those provoking a lethality effect or inhibition of the effect 

(LCX/ECX/ICX respectively) can also be calculated. No-observed effect concentrations (NOEC) 

and the lowest observed effect concentrations (LOEC) can also be estimated from these dose-

responses. From these hazard values and, by applying a safety factor to protect all the organisms 

of a certain environmental compartment from a short and a long-term exposure, a predicted no 

effect concentration (PNEC) is established.  

 

1.3.1 Approaches & methodology 

 

Nanomaterial toxicity assessment requires a more complex approach compared to traditional 

chemicals due to the vast amount of parameters that can control potential toxic effects. If one 

looks at the actual physical and chemical properties of these materials, there really are many 

factors, not just size, but their shape, agglomeration/aggregation state and chemical reactivity 

that will dictate how the material interacts with its environment and ultimately the biological 

response (toxic efficacy). A multidisciplinary approach is needed and a strong focus in ENM 

hazard assessment is placed on establishing so called property-effect relationships in order to 

ascertain what is driving toxicity. ENM hazard assessment is complicated further by the broad 

range of extremely heterogenous ENMs, even among the metal-based group, which necessitates 

testing on a case by case basis. Experimental considerations need to be specifically made due to 

technical issues posed by particulate forms or interaction of particles with assay reagents and 

readout interferences. Particle dispersion methods may potentially alter ENMs characteristics 

and thus, mechanism of action and behaviour in biological systems. It is of upmost importance 

                                                           
20 the optimal copper/zinc ratio in serum or plasma is 0.70 - 1.00. 
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to standardize particle dispersion methods and investigate the impact of different dispersion 

preparation methods on the cytotoxicity, genotoxicity and ecotoxicity of selected ENMs.  

1.3.2 Physico-chemical characterisation 

“How meaningful are the results of nanotoxicity studies in the absence of adequate material 

characterisation?” (Warehit et al. 2008). 

The importance of particle characterisation was first realised by researchers in an era when large 

quantities of toxicological data was emerging, often unreproducible and with conflicting results 

and erroneous conclusions (Murdock et al. 2008, Montes-Burgos et al. 2010, Oberdörster et al. 

2005, Powers et al. 2006). Nowadays physico-chemical characterisation is recognised as an 

essential prerequisite to nanotoxicity studies for two reasons. Firstly, because defining ENM 

properties is fundamental to the interpretation of a toxicological effect. Secondly, to facilitate 

comparative studies with particles that have the same properties and behaviour and thus ensure 

that results obtained are reproducible and meaningful.   

ENMs can be synthesised with an array of different sizes, shapes and functionalities that have 

been shown to affect biological activity. Particle size will have an effect on the translocation of 

particles from exposure sites to the rest of the body, cellular uptake and particle processing once 

inside the cell and their subsequent elimination. The surface area-to-volume ratio is also a 

function of particle size, with smaller particles having a larger surface area per volume than 

larger particles which may result in increased reactivity (in fact this is the fundamental 

assumption of the laws that govern nanomaterials). Shape will also dictate how and if particles 

are taken up by cells, with particles with different aspect ratios (diameter x length), showing 

different uptake rates and toxicities (Huang et al. 2010, Hsiao and Huang 2011). For example if 

ENMs with high aspect ratios and with long fibre-like morphologies (such as carbon nanotubes) 

are attempted21 to be taken up by phagocytic cells they can protrude from compartments leading 

to unclosed phagosomes and leakage of cell contents, ultimately resulting in inflammatory 

responses (Brown et al. 2007). Such a process has been identified for asbestos like fibres and 

called frustrated phagocytosis (Davis et al. 1986). 

Surface charge can influence the interaction of particles with biomolecules (protein corona 

formation), as well as their uptake into cells, with greater permeabilization for cationic positively 

charged particles across negatively charged cell membranes. The particles polarity and 

hydrophobic/hydrophilic nature will also influence clearance with hydrophobic particles being 

recognised as foreign and their quick clearance by the mononuclear phagocyte system (MPS), 

while hydrophobic particles generally have a much longer circulation time. Particles can be 

susceptible to dissolution, particularly metal and metal oxide ENMs, releasing ions into 

suspensions or intracellularly that can also contribute to toxicity. Therefore monitoring ion 

release becomes increasingly important. ENMs can also have different tendencies to 

aggregate/agglomerate in suspension. Single particles have a tendency to associate with each 

other either physically (through van der Waals or electrostatic forces) or through chemical bonds, 

forming aggregates or agglomerates respectively. The state of agglomeration or aggregation will 

                                                           
21 Fibers greater than 10–20  μm  in  length  are  longer  than  a  macrophage  can  engulf. 
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influence how the nanomaterials are “seen” by and interact with cells (cellular uptake and 

processing). In contrast to dose -dependent toxicity seen for conventional chemicals, at higher 

concentrations ENMs may form bigger or more agglomerates/aggregates reducing their 

bioavailability and their toxicity. Distinct biological effects can exist for 

aggregates/agglomerates and primary particles. Large aggregates/agglomerates may produce 

more local effects while primary particles may distribute to produce systemic effects to multiple 

systems. Often ENMs suspensions are composed of a heterogeneous population with broad size 

distributions of aggregates/agglomerates (different sizes) as well as single particles with each of 

these subpopulations producing distinct effects (Gatoo et al. 2014). 

All of the above mentioned properties influence biological action and these properties 

themselves can be influenced by the composition of biological matrices (pH, ionic strength, 

osmolarity, protein content), by storage conditions and mechanical treatment prior to testing. It 

is now common practice to use ultrasonic treatment for optimal dispersion of hard to disperse 

ENMs such as TiO2 and ZnO. Also often stabilisers such as albumin or serum are added that are 

shown to improve the dispersion by producing small agglomerates of primary particles with 

narrow size variations (Vippola et al. 2009) and stable suspensions (Tantra et al. 2010). While 

there is no standardised protocol some research suggests that particle size reduction depends on 

the applied energy per volume of the dispersion (specific energy), also that the sequence of 

sonication and stabiliser addition is important in order to prevent reagglomeration, and that the 

required amount of stabilizer depends on the total surface area of the particles in the dispersion 

(Bihari et al. 2011). 

Also these abiotic factors/experimental conditions such as pH, salt content, amino acids and 

proteins will have a direct effect on ENM behaviour in terms of dispersion stability and 

dissolution as well as aggregation/agglomeration state. Under physiological conditions (and in 

artificial medium environments that mimic such conditions) ENMs will come in contact with 

proteins and other macromolecules that have been shown to coat them forming a protein corona 

(Cedervall et al. 2007). Such a corona is dictated by the different proteins present and can 

influence cellular uptake and trafficking (Walczyk et al. 2010). As well as this the presence of 

organic compounds such as sulfate, nitrate, ammonia or chloride and their interaction with metal 

ions can lead to chemical transformations.  For example both copper and zinc ions can combine 

with sulfate and nitrate molecules to form salts and thus be present as metalorganic complexes 

(Massey et al. 1975). AgNPs, due to the high chemical reactivity of Ag0 with dissolved O2, and 

Ag+ with anions like Cl− often transform into silver chloride (Levard et al. 2012). 

All of these factors can influence toxicity in terms of bioavailability, cellular uptake (Kettler et 

al. 2014) and metal ion insult. Therefore it is imperative to characterise ENM physico- chemical 

properties and behaviour in suspensions/exposure environments.  

Optical methods such as dynamic light scattering (DLS) is an important technique in this sense 

as they can measure particles or particle population’s hydrodynamic size in suspension. DLS 

gives measured hydrodynamic size distributions of particles/ aggregates/agglomerates in 

suspension according to time dependent fluctuations in scattered light intensity caused by 

particles random motion (Brownian motion) in suspension. The Stokes–Einstein equation then 

relates the timescale of fluctuations to the equivalent-sphere hydrodynamic diameter of the 
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particle. Its ease of use allows one to monitor particle suspension stability over an exposure 

period. The particles/aggregates/agglomerates physical form and morphology can be directly 

visualised by high powered microscopes (for instance transmission electron microscopes, TEMs) 

that utilise electron beams instead of light and use electron diffraction to produce high resolution 

images down to the 1 nanometer scale.  

While many studies have sought to correlate certain properties with biological effects there is no 

defined set of key determinants emerging as more strongly related to toxicity than others.  

Nanoparticles can be functionalised through coating or capping with surfactants or biomolecules 

such as peptides which can control ENM behaviour and improve biocompatibility. For example 

Fe doping of ZnO NPs is seen as a possible safe design strategy for preventing ZnO toxicity 

(George et al. 2010). Also using a manganese coating to reduce the unwanted photo-activity of 

TiO2 in sunscreens is being applied. Peptides in particular can be used in a programmable fashion 

with different sequences of amino acids providing the building blocks for ligand molecules that 

can be optimized to stabilize nanoparticles. One can also make use of the biological functionality 

of certain peptides, by controlling specific cellular uptake routes, as reported for Au 

nanoparticles (de la Fuente & Berry 2005, Nativo et al. 2008) , as well as modulating the reaction 

of the immune system towards nanoparticles by different peptide coatings (Bastus et al. 2009). 

Particularly in the area of biomedicine there is enormous potential in designing particles which 

are stable, biocompatible and easily functionalised for targeting cells or interacting with other 

biomolecules.   

1.3.3 Test systems 

Toxicity of chemicals and/or nanomaterials should be assessed through established assay 

protocols that must be set up and accepted by a number of laboratories (at the national or 

international level) guaranteeing the robustness, accuracy and replicability of the obtained 

results. This data would then be applied for the risk assessment of chemicals or nanomaterials. 

A number of regulatory agencies play an essential role in the development of these tests. From 

the Environmental Protection Agency (EPA) of the US to the International Standardization 

Organization (ISO), probably the Organization for Economic Cooperation and Development 

(OECD) is the agency taking a leading role at this level due to its size and international influence 

(34 countries grouping the biggest economies and most developed regions of the world). 

Although this agency is internationally known and recognized, mostly due to its economical 

surveys and predictions, it has an essential function in the development of internationally agreed 

instruments in a variety of areas including chemical regulation. At this level, the OECD has 

developed an entire program devoted to chemical safety. In this framework the OECD has set 

up test guidelines (TG) for the testing of chemicals. They are internationally accepted as standard 

methods to assess potential harmful effects of chemicals on humans and environment. “Test 

Guidelines are covered by the Mutual Acceptance of Data, implying that data generated in the 

testing of chemicals in an OECD member country, or a partner country having adhered to the 

Decision, in accordance with OECD Test Guidelines and Principles of Good Laboratory Practice 

(GLP), be accepted in other OECD countries and partner countries having adhered to the 
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Decision” 22. These guidelines have been deemed generally applicable when testing ENMs, with 

in some cases the need for ENM specific amendment or guidance (OECD 2014).  

The majority of these test guidelines for human health involve in vivo testing using animals, 

usually rodents (mice or rats). Test guidelines pertaining to ecotoxicity and environmental fate 

of substances involve different organisms at various levels of biological and environmental 

organization (earthworms and soil micro-organisms, algae and cyanobacteria, midges, springtail, 

aquatic and terrestrial plants, daphnia species, frogs, bees, birds and fish). Fish represent higher 

trophic level organisms in aquatic ecosystems and for this reason they are routinely used in 

toxicity assessment. Guidelines for fish toxicity testing include a 96 h acute lethality test (OECD 

TG 203, OECD 1992), effects on specific developmental and life stages (TG 212, TG 210, TG 

215)(OECD 1998, 2000) and bioaccumulation studies/bio-concentration studies (TG 

305)(OECD 2012c). However standard in vivo test methods that rely heavily on the use of 

animals, such as those mentioned, are not seen as feasible options to meet the testing required to 

fill information gaps under REACH legislation for all existing and new chemicals including 

ENMs. The 3Rs principle to replace, reduce, and refine animal testing (Russell and Burch 1959) 

has been implemented in the EU Directive 2010/63/EU on the protection of animals used for 

scientific purposes23. Also according to the European REACH legislation ‘testing on vertebrate 

animals shall only be undertaken as a last resort’ (Article 25, REACH). Furthermore, on a 

regulatory level, as of March 11th 2009 an amendment to the EU cosmetics directive came into 

force which bans animal testing of cosmetics or their raw ingredients. Therefore investigating 

the potential value of alternative non-animal testing systems becomes extremely relevant and of 

high interest. Alternative methods to animal testing including in vitro test systems are currently 

being validated and introduced. Analysts forecast the global in vitro toxicity testing market in 

Europe will grow at a compound annual growth rate of 15.84 percent over the period 2013-2018 

(Research and Markets 2014).  

1.3.3.1 Animal models (in vivo testing) 

In vivo testing provides a means to assess toxicity on a whole organism level with the interplay 

of a full repertoire of body systems and functions. Presently it is the only means by which to 

obtain toxicokinetic/pharmacokinetic information concerning the processes of absorption, bio-

distribution, metabolism and excretion of ENMs; areas in which currently very little is known. 

Since the pioneering studies with fish, showing that nanoparticles (fullerenes) in aquatic 

environments can be toxic (Oberdörster et al. 2004), these studies have been followed by a 

number of research groups (for instance, Smith et al. 2007, Federichi et al. 2007, Griffitt et al. 

2007, and Scown et al. 2010 using SWCNT, TiO2, Cu ENMs and Ag ENMs, respectively), with 

evidence of pathologies and toxic effects. However studies are in their infancy and up until now 

most of them have been performed using waterborne exposures despite the high relevance of 

dietary exposure for ENM testing and the OECD test guideline No. 305 adaptation to reflect this.  

There is also a lack of studies investigating the bioaccumulation of ENMs in fish, their tissue 

distribution and retention times. Metals are non-biodegradable and therefore it is important to 

                                                           
22 http://www.oecd-ilibrary.org/environment/oecd-guidelines-for-the-testing-of-chemicals_chem_guide_pkg-en 
23 almost 150 million € in funding has been provided under the EU’s 6th and 7th Research Framework Programmes to advance the 

development and validation of 3Rs methods and testing strategies for regulatory purposes (Alternative testing strategies Progress Report 2010). 
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investigate bioaccumulation. Behavioural and physiological indicators of sublethal toxicity have 

been associated with bioaccumulation of metals in fish (Boyle et al. 2013, Handy et al 1999). 

Investigations into whether such affects present themselves with metal ENMs are in their 

infancy. However reports have shown that nanoparticles of ZnO hyperaccumulated compare to 

ZnO in its bulk form in juvenile carp (Hao et al. 2013). The risk from nanoparticles 

bioaccumulating, as opposed to bulk forms, is that dissolution properties, along with their small 

size at nanoscale, may facilitate their entry into systemic circulation resulting in potential effects 

on multiple organs.  

1.3.3.2 Alternative cell culture based models (in vitro testing) 

In vitro test systems using cell cultures are being investigated as alternatives to animal testing. 

Cell culture refers to the growing of cells derived from tissues in a favourable artificial 

environment outside of the body “in vitro”. Freshly isolated cells are referred to as primary 

cultures. These cultures proliferate until confluency and generally do not possess the ability to 

be subcultured. However they provide a more superior model of the in vivo situation. Cell lines 

on the other hand are cells which have acquired, either spontaneously or through experimental 

manipulation, the ability to proliferate either for a finite time or indefinitely in continuous 

culture. A large number of cell lines exist (>4,000) from different species, tissues and cell types, 

available at the depository of the American type culture collection (ATCC) or at the European 

collection of authenticated cell cultures (ECACC) and they represent a valuable resource.  

In particular fish cell culture has developed rapidly since Wolf and Quimby established the first 

fish cell line, RTG-2, in the 1960s (Wolf and Quimby 1962). Since then a repertoire of cell lines 

from different organ systems of the rainbow trout have been established representing a very 

valuable resource: rainbow trout gill cell line, RTgill-W1; rainbow trout liver, RTL-W1; a 

rainbow trout spleen cell line, RTS34; Rainbow trout gut cell line, RTgut-GC1; a rainbow trout 

macrophage cell line (RTS11); and the rainbow trout hepatoma cell line RTH-149. Also other 

cell lines from other fish species have been developed. 

In vitro cell cultures are also seen as fundamental tools for mechanistic studies at the cellular 

level, providing a means to investigate the mode of toxic action (MOA) of substances. 

Particularly in the case of ENMs, given the wide diversity of materials and the fact that different 

forms of the same nanomaterial can have different toxicological properties, there is a need to 

assess them on a case by case basis. Such assessments require a robust approach.  

Cell lines as test systems are both time and cost effective and they provide a platform for high 

throughput testing. Cell lines also provide a controlled testing environment for mechanistic 

investigations at the cellular level. Recent evaluations of safety assessment of ENMs indicated 

that in vitro assays may be useful, but mainly for screening and the evaluation of specific 

mechanistic pathways (ECETOC 2006, Oberdörster et al. 2005). However, to be applicable in 

risk assessment, these assays need to be validated and their relevance for in vivo hazard 

identification needs to be demonstrated. Currently the proposed use of cell lines are yet under 

validation for nanomaterial toxicity assessment24 however they can be used as a non-standard 

                                                           
24 RTLW1 gill cell line is currently being validated.  
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methods to provide toxicological data that can be used in a weight of evidence approach of an 

integrated testing strategy according to the Commission Regulation (EC) No 134/2009 

concerning the Registration, Evaluation, Authorisation and Restriction of Chemicals (REACH) 

(European Commission 2009a).  

The appropriateness of in vitro test systems using cell cultures has been questioned for ENM 

toxicity assessment. These questions concern their compatibility when using ENMs and their 

value in predicting an in vivo response. Cell lines can express phenotypes that are very distinct 

from the cells from which they were originated. Therefore studies comparing responses between 

cell lines and cells freshly isolated will aid in establishing the value of particular cell lines and if 

they are representative models.  

1.4 Nanomaterials as potential hepatotoxicants 

1.4.1 The liver as a relevant target organ for metal nanomaterials 

In order to produce meaningful and relevant data in vitro it is important to carefully consider 

exposure routes and possible target sites. According to possible direct ENM exposure routes 

(inhalation, dermal contact and ingestion) the lungs, skin and gastrointestinal tract are target 

organs. However ENMs have been evidenced to cross biological barriers moving from these 

sites of exposure into systemic circulation and reaching other organs (secondary exposure sites). 

Among these organs the liver, kidneys and spleen show the highest retention of ENMs that pass 

into systemic circulation. This may be related to their predominant role in the reticuloendothelial 

system and clearance of foreign objects from the blood.   

The liver plays a major role in the uptake, storage, metabolism, redistribution and excretion of 

many substances and this may include ENMs. In particular, in the case of metals such as copper, 

the liver is central to maintaining a balance by incorporating copper into newly synthesised 

caeruloplasmin, metallothionein or cuproproteins for transport and storage and ensuring excess 

is excreted using the biliary excretion pathway25 (Wijmenga and Klomp 2004). The fact that the 

liver has been identified as one of the major secondary organs of distribution following exposure 

to a range of metal ENMs (Au ENMs) (De Jong et al. 2008, AgNPs; Sung et al. 2009) both in 

mice (Wang et al. 2007, Xie et al. 2010) and in fish (Choi et al. 2010, Handy et al. 2008a, 2008b, 

Kashiwada 2006, Ramsden et al. 2009, Scown et al. 2009) points to its central role in handling 

ENMs and as a potential site for toxicity. 

The liver is a central organ in the circulatory system receiving blood from the gastrointestinal 

tract and spleen (portal vein) as well as arterial blood from the hepatic artery. Therefore once in 

circulation, ENM will be carried with the blood through the liver. In the liver of mammals blood 

circulates through a capillary network of blood vessels known as sinusoids. These sinusoids are 

lined with endothelial cells (liver sinusoidal endothelial cells (LSECs)) and have fenestrations 

or “pores” that filter the nutrient rich blood coming from the heart through the portal vein. The 

LSEC’s are responsible for filtering macromolecules from the blood and therefore represent an 

important line of defence. Lipoproteins and smaller molecules pass through these pores to the 

                                                           
25 Under normal physiological conditions about 98% of copper excretion is via the bile and the remaining 2% is via the urine  (Linder and 

HazeghAzam 1996). 
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perisinusoidal space or space of Disse and subsequently to the hepatocytes, which are the main 

cells responsible for the livers metabolic functions. Fenestrations are usually between 100-150 

nm depending on the animal species and therefore ENMs in this size range and below may easily 

access hepatocytes. Uptake of polystyrene nanoparticles (20 nm) by hepatocytes and there 

localisation in cytosolic compartments has been demonstrated (Johnston et al. 2010). How 

hepatocytes and other liver cells may process ENMs has yet to be fully elucidated. Biliary 

excretion by hepatocytes is an important detoxifying mechanism of many heavy metals by the 

liver and therefore metal ENM processed by these cells may potentially be excreted into the bile. 

ENM association with bile canaliculi of hepatocytes has been documented and the biliary 

excretion of quantum dots has been shown to be an extremely slow and inefficient process (Choi 

et al. 2007), thus, the organ may be exposed for a prolonged time. If nanoparticles are present in 

large aggregates, >150 nm in size, they also may be taken up by liver macrophages, also known 

as Kupffer cells, which are located on top of and between endothelial cells and are in direct 

contact with the blood. Kupffer cells are part of the RES, they take up particles by phagocytosis 

and rely exclusively on intracellular degradation for particle removal. Particles that are not 

broken down by intracellular processes and taken up by Kupffer cells will remain within the cell 

and will therefore be retained by the body. Results from in vivo studies would suggest that the 

liver may be exposed to ENM for a prolonged time (Tseng et al. 2012) with associated hepatic 

pathologies26.   

The liver in fish also has very important functions in the elimination of metals however one 

important consideration is that the gills also play a role. Despite this discrepancy exposures 

performed in fish show the liver as a major organ of accumulation (Salari-Joo et al. 2013, Wu et 

al. 2013b) and that the liver burden following waterborne exposure to nanomaterials is twice that 

of the gills (Scown et al. 2010). In fish the liver has the same general circulatory component and 

physiological role as in mammals with analogous metabolic function and detoxification systems 

(small differences that may affect the rate, pattern and or extent of toxicity that occur in a fish 

compared to mammal is discussed more in detail in the discussion section and also some 

architectural differences exist27 (Di Giulio and Linton 2008)). 

Within the liver parenchyma hepatocytes are sites of major metabolic transformations and for 

this reason may be particularly vulnerable to ENM insult. Reports have emerged that ENMs have 

the potential to interfere with the normal functioning of cytochrome P450 (CYP) enzyme 

activities that are related with the metabolism of endogenous and exogenous substances 

(Balasubramanian et al. 2010, Kulthong et al. 2012, Lamb et al. 2010, Sereemaspun et al. 2008). 

Few studies have demonstrated or monitored this effect in vivo.  For instance, one report showed 

changes in rats following 2 months of Au ENM intravenous administration (Balasubramanian et 

al. 2010). The mechanism underlying this phenomenon has not been fully elucidated but may 

have major consequences for the organism and xenobiotic metabolism. 

                                                           
26 In juvenile carps severe hepatic pathologies were reported by Hao et al. 2009 after 21 days of exposure to TiO2 ENMs with evidence of 
necrotic and apoptotic hepatocytes. Similarily Federici et al. (2007) reported some hepatocytes with apoptotic bodies in O. mykiss following 

exposure to TiO2 ENMs. 
27 There is a lack of lobular pattern and an absence of functional metabolic zonation in the liver paranchyma of fish and only the basal side of 

hepatocytes face sinusoids. Fish may also have lower capacity to metabolise xenobiotic substances, as they have a lower liver perfusion rate 

and produce bile at much slower rate. (Di Giulio and Linton 2008).  
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1.4.2 Liver cell culture models (liver cell lines and primary culture) 

Liver cell lines composed of cells derived from neoplastic tissues taken from explants or that 

have de-differentiated in some way from the original cell types are available and represent 

valuable resources as in vitro test systems. Both liver cell lines mammalian (for instance, Huh-

7, Huh 6, Huh 4 and HepG2) and piscine (for instance, ZFL, from zebra fish, Danio rerio, or 

RTH-149, from rainbow trout, cell lines) in origin are available and therefore can be used to 

evaluate the cytotoxicity of ENMs. They could also constitute an important tool to evaluate 

interspecies differences in sensitivities.  

Methods for isolating specific cell types from the liver have also been well established and 

usually involve a two-step collagenase perfusion technique (Berry and Friend 1969, Seglen 

1976). However their use as test systems is limited due to a number of factors, including the 

heterogeneity of cells from one isolation to another and quality of cells isolated. Unlike cell lines, 

they have a very finite lifespan grown under culture conditions in vitro and even have a tendency 

to dedifferentiate into different cell types during in vitro culture. However, they have the great 

advantage of showing unaltered cellular functioning and metabolism that reflect the real situation 

of the cell in the organism in vivo. 

 

1.5 Mechanistic insights into the toxicity of nanomaterials at the cellular level 

ENMs can be in the order of ten thousand times smaller than a human cell with their specific 

physico-chemical properties controlling unique nanoparticle-cellular interactions (Verma and 

Stellacci 2009). They can be taken up by multiple endocytotic pathways (clathrin- and caveolae- 

receptor mediated, phagocytosis, micropinocytosis, pinocytosis) and in some cases non-

endocytotic “passive” routes such as diffusion or through ion channels or pores. The precise 

pathways by which these ENMs are taken up by cells, how they are processed (intracellular 

trafficking) and their potential mechanisms of toxicity have not been fully elucidated. Uptake 

and processing mechanisms have been shown to be cell type specific (dos Santos et al. 2011, Xia 

et al. 2008b) and can even depend on the specific cell cycle phase (Kim et al. 2012). Depending 

on their uptake route, ENMs can be found free in the cytosol or undergoing various cascades of 

intracellular trafficking steps (being taken up/released from endosomes /lysosomes or within 

such membrane bound vesicles). ENM have been frequently reported to be held in membrane 

bound vesicles. Conditions in these compartments can lead to unpredictable behaviour of some 

ENMs, such as their dissolution and increased redox activity, causing disruption to cellular ion 

and redox homeostasis.   

It must also be noted that ENMs do not necessarily need to be taken up to cause cytotoxic effects 

associated with cell surface interaction and mechanical damage (Karlsson et al. 2013). However 

once uptaken ENMs have been shown to interact with multiple cellular organelles (mitochondria, 

lysosomes) including the nucleus which can result in cellular dysfunction and DNA damage. 

ENMs which enter the nucleus may directly interact with nuclear DNA, as ENMs at the lowest 

nm range (1-2 nm) are the same size as the width of base pairs that make up our DNA. Au ENMs 

specifically in this size range have been shown to cause increased cytotoxicity to various cell 
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types, possibly due to interaction with DNA grooves (Pan et al. 2007, Schmid 2008). 

Genotoxicity has been reported for a wide range of metal and metal oxide ENMs (Ahamed et al. 

2010, CuO; Akhtar et al. 2016, CuO ENMs).  

Biochemical assays can be applied to cell cultures to investigate cytotoxicity at the cell 

membrane or specific organelle sites as well as according to a general loss in metabolic activity. 

Imaging techniques such as TEM can be used to investigate nanoparticle- cell interaction, 

cellular uptake and intracellular distribution/fate and in this way complement biochemical based 

assay systems. Induced coupled plasma mass spectroscopy (ICP-MS) can be used as a 

quantitative approach to measure ENM cellular uptake. Using such an approach one can gain an 

understanding of possible mechanisms underlying a cytotoxic response. 

 1.5.1 Cytotoxicity assessment using multiple endpoints 

Using in vitro cell culture, assays can be applied in a high throughput and robust fashion to assess 

toxicity according to multiple endpoints. As a physical barrier and critical portal of entry for 

ENMs the cells membrane integrity is one of the most frequently assessed endpoints of toxicity. 

Traditional cytotoxicity assays, which have been used in this research to monitor such an 

endpoint, include the LDH assay as an indicator of membrane integrity according to the release 

of lactate dehydrogenase (LDH) and the use of carboxyfluorescein diacetate, acetoxymethyl 

ester (CFDA-AM) dye allowing its hydrolysis by intracellular esterases and measuring its 

conversion product (carboxyfluorescein).  

At a specific organelle level, the functioning of mitochondria, taking into account its primary 

role in energy production and regulation of cell death, are key to monitor. Mitochondrial 

dysfunction associated with reduced cellular ATP delivery, increased reactive oxygen species 

production, loss of mitochondrial membrane potential, and triggering of apoptosis pathways in 

a mitochondria mediated pathway of toxicity has been reported following metal and metal oxide 

ENM exposure (Hsin et al. 2008, Piao et al. 2011, Siddiqui et al. 2013). One of the most 

commonly used tetrazolium salt based assay systems28, the 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay, was employed in this work to assess reduction in 

specific mitochondrial function as an endpoint of toxicity (Mosmann 1983). As a measure of 

general metabolic activity alamar blue and resazurin reduction assays (RRU), which both 

quantify cellular viability based on the reduction of the reporter dye resazurin to resorufin by 

cellular metabolic processes, can be used (O’Brien et al. 2000). 

Once taken up, ENMs have been evidenced in some instances to be directed to the 

endosomal/lysosomal processing pathway where they can either escape from endosomes (proton 

sponge effect) or are degraded by lysosomal enzymes. Through this process ENM have been 

reported to cause destabilization of lysosomes and permeabilization of lysosomal membranes. 

Researchers have highlighted lysosomal dysfunction as an emerging mechanism of toxicity for 

ENMs (Stern et al. 2012). Thus the neutral red uptake assay which serves to assess lysosomal 

                                                           
28 Other tetrazolium salt based assay systems include (MTS, XTT, WST-8, WST-1), 
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functionality by cells ability to retain a neutral red dye (Borenfreund and Puerner 1985) may be 

very relevant for ENM cytotoxicity assessment. 

Some of these assays can also be applied in combination affording the characterisation of 

different endpoints on the same set of cells. However applying these assay systems for the 

cytotoxicity assessment of ENMs, as opposed to conventional chemicals and drugs, requires a 

more particular approach. Interaction of ENMs with assay components and interference with 

readouts of assay systems such as those listed above has been well documented (Worle-Knirsch 

et al. 2006). Specific examples include inactivation of the LDH enzyme by copper and silver 

ENMs (and potentially their ions) (Han et al. 2011), the extracellular reduction of the MTT 

tetrazolium salt to formazan by TiO2 (Holder et al. 2012) and the adsorption of highly cationic 

dyes such as neutral red (NR) to nanoclays (Felbeck et al. 2013). Some ENMs also show intrinsic 

light absorbing (Au ENMs absorb light in the visible region, ~520 nm), and scattering properties 

that can lead to optical interferences with absorbance, or fluorescence readouts. As one is often 

dealing with insoluble particulate materials, this can also lead to physical interferences. Such 

interferences can lead to either false positives or false negatives and a perceived increase or 

decrease in toxicity, respectively.  

Despite a number of authors outlining their concerns (Kong et al. 2011, Stone et al. 2009) the 

majority of studies do not account for potential interference of ENMs (Ong et al. 2014). This has 

serious implications for confidence in the generated data. Checking for such interferences 

associated with adsorption capacity, reactivity, and agglomeration state and including 

appropriate controls is critical in order to obtain reliable data and ensure assay compatibility. 

Interferences are often assay and ENM-specific and therefore interference needs to be assessed 

on a case by case basis. Adaptation of assay protocols to include additional washing steps may 

also be adequate to overcome potential interferences.  

Dosimetry may also be affected by NP agglomeration/aggregation and settling once ENM 

suspensions are prepared in exposure medium (e.g. biological culture medium) (Teeguarden et 

al. 2007). In the case of metal ENMs they tend to have a “sticky” nature which can result in their 

strong adherence to experimental equipment when handling. Taking both these issues into 

consideration it is imperative to measure real exposure concentrations to get a more accurate 

dose metric.  

1.5.2 Reactive oxygen species generation and oxidative stress -The oxidative stress            

paradigm 

ENM-induced reactive oxygen species (ROS) generation and oxidative stress-mediated 

cytotoxicity is the most widely proposed mechanism of toxicity, especially in the case of metal 

and metal oxide nanoparticles. 

ROS are chemical species derived from molecular oxygen that contain one or more unpaired 

electrons making them highly reactive. The superoxide anion radical (O2
•-), peroxide (O2

-2) 

hydrogen peroxide (H2O2) and hydroxyl radical (•OH) are all examples of ROS. They are 

constantly being produced endogenously as intermediates or by products of cellular oxidative 

metabolism and other biochemical processes, but they can also be generated by ENMs. In this 

last case, ROS generation can occur directly on the particles surface through redox chemistry, if 
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there are active electron donor or acceptor groups or if surfaces become photo-activated by UV 

light as seen for ZnO (Ma et al. 2011) and TiO2 NPs (Marcone et al. 2012). Particularly in the 

case of metal NPs that are susceptible to dissolution, ions of redox-active metals, such as copper, 

can catalyse the oxidation of H2O2 to the highly reactive hydroxyl radical (•OH) through Fenton 

and Harber-Weiss type chemical reactions (Cu+ and H2O2 generate Cu2
+ + OH− + OH) (Valko et 

al. 2005). Such ions can interact with NADPH (nicotinamide adenine dinucleotide phosphate 

reduced) oxidases from the plasma membrane or mitochondria, disturbing the electron transport 

chain and generating highly reactive superoxide anions (Klotz & Sies 2009). If particles 

themselves reach the mitochondria, high levels of ROS also can result from nano-particulate 

disruption at this site, which houses the cells major stores of endogenous ROS (Turrens 2003).  

Cells respond to such ROS insults with compensatory responses involving anti-oxidant 

networks. However, if the cell endogenous antioxidant network becomes overwhelmed or 

depleted by high concentrations of ROS, oxidative damage to biomolecules such as lipids, 

proteins and DNA will result and cells will experience oxidative stress. Oxidative stress was first 

proposed by Sies in 1991 and was defined as “a disturbance in the pro-oxidant –anti-oxidant 

balance in favour of the former, leading to potential damage” (Sies 1991). Oxidative stress is 

involved in the pathogenesis of many diseases, in the brain causing dementia and Alzheimer’s, 

in the joints causing arthritis, in the blood vessels causing heart disease, in the nerves causing 

multiple sclerosis (MS), myasthenia gravis and amyotrophic lateral sclerosis (ALS), and in the 

gut causing colitis, irritable bowel syndrome (IBS) and Krohn's disease. It is thought to precede 

an inflammatory response that ultimately leads to cell death either by apoptosis or necrosis. 

Indeed a hierarchical oxidative stress model has been proposed to explain ENM toxicity and 

oxidative stress has become an established paradigm for NP toxicity (Li et al. 2003, Xia et al. 

2006). According to this model, following ROS insult, cells activate signalling pathways that 

lead to the expression of genes coding for antioxidants involved in mounting an anti-oxidative 

response. The nuclear erythroid-2-related factor (Nrf2) signalling pathway is one of these 

pathways and is responsible for the transcription of various antioxidant genes encoding for a 

range of cytoprotective enzymes and proteins, including phase II detoxifying enzymes such as 

glutathione-S-transferase (GST), the stress-protein heme oxygenase 1 (HO-1) and also key 

constituents involved in the synthesis of glutathione (GSH) (Alam et al. 1999, Itoh et al. 1999, 

Lu 2013). GSTs are an important group of enzymes that catalyse the nucleophilic addition of 

GSH to electrophiles and products of oxidative stress, making them less reactive and more 

soluble. HO-1 catalyzes the breakdown of heme into iron, carbon monoxide, and biliverdin. 

Biliverdin is then reduced to bilirubin, an antioxidant, via biliverdin reductase. Glutathione is the 

most abundant cellular antioxidant, involved in the conjugation of ROS and maintaining redox 

status through the glutathione redox system. In this system, under basal conditions, cells ratio of 

reduced to oxidised glutathione (GSH/GSSG) is 100:1 (Zitka et al. 2012). Any change in this 

ratio can be used as an indicator of imbalanced cellular redox status and oxidative insult. 

Similarly, measurements of the mentioned GST or HO-1 activities or of the corresponding gene 

expression can be a very valuable tool to assess if the cells are mounting an antioxidant response 

against an oxidative insult. Also through an understanding of such pathways responses can be 

manipulated (e.g. upregulated) in order to determine the role oxidative processes play in ENMs 

mechanism of toxicity. For example the transcription of GST is also triggered when the aryl 
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hydrocarbon receptor (AhR) is activated. The AhR is an important transcription factor involved 

principally in xenobiotic metabolism through the transcription of cytochrome P450 

monooxygenases (CYP1A1) but its activation also plays a role in anti-oxidant defence. In fact 

recent evidence suggest that there is an overlap between target genes that encode for GST 

(GSTA2) that requires activation of both AhR and Nrf2 pathways (Ma et al. 2004) and that there 

is an interplay between these two pathways in which there is an AhR-dependent activation of 

Nrf2 (Dietrich 2016). Using this understanding there is a potential for studies to be performed to 

test if oxidative stress is a specific mechanism of toxicity for specific ENMs by increasing the 

cells antioxidant capacity though AhR-mediated activation and checking for a protective effect. 

In fact such an approach was taken in the research paper 3 presented within this thesis to test the 

role of oxidative stress in CuNPs mechanism of cytotoxicity.  

According to the proposed oxidative stress model, if the cells antioxidant network is 

overwhelmed or antioxidants become depleted a tier 2 inflammatory and subsequently a tier 3 

apoptotic response will ensue, ultimately leading to cytotoxicity. Therefore according to this 

pathway the levels of ROS following nanoparticle insult are critical in dictating the cellular 

response. Therefore, the measurement of intracellular levels of ROS can be essential in 

determining the role of oxidative stress in cytotoxicity. For that, a variety of probes have been 

developed. For instance, 2’, 7’ dichlorofluorescin diacetate (DCFH-DA) has been widely used 

as a marker for oxidative stress (Wang and Joseph 1999). This compound diffuses through the 

cell membrane where it is enzymatically de-acetylated by intracellular esterases to the non-

fluorescent DCF-H. DCF-H in the presence of ROS is converted to the highly fluorescent DCF.  

Studies point to oxidative stress as being mechanistically important particularly for the metal and 

metal oxide group of ENMs. For ZnO NPs there have been reports of oxidative DNA damage 

(Lin et al. 2009, Sharma et al. 2012). Similarly oxidative damage has been evidenced for CuO 

ENMs (Karlsson et al. 2008) and for TiO2 (Reeves et al. 2008). For Ag ENMs both ROS-

dependent and independent pathways of toxicity have been proposed (Chairuangkitti et al. 2012, 

Kim et al. 2011). In many studies there have been no reports of oxidative stress or ROS 

generation and in fact anti-oxidative effects have been seen. Therefore a more detailed 

assessment is needed. The key question that needs to be addressed is to what degree oxidative 

stress dictates toxicity and by which mechanisms do ENMs cause oxidative stress. The other 

essential question that we must also pose is if oxidative stress constitutes merely a secondary 

effect associated with cell death or if it is a key player in NPs toxicity. In many studies evidence 

of elevated levels of ROS is suggested to be a sign that cytotoxicity is likely to be mediated 

through oxidative stress. While this can be an important indicator of cellular stress it may be 

associated with cell death and not constitute a causative factor. 
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CHAPTER 2 
OBJECTIVES 

 

The main aim of this work is to gain information about the mechanisms underlying the toxicity 

of metal/metal oxide ENM exposure on the liver. We have approached this main objective from 

both human and environmental perspectives. The metal/metal oxide ENMs studied in this 

research have already been identified as those which should be assessed with high priority due 

to their widespread use, production volume and commercial importance (OECD 2010) as well 

as due to their future emerging applications. They include ZnO, Cu, Ag and Au ENMs. 

A range of liver cell lines were employed as in vitro test systems and afforded the application of 

multiple biochemical based assays to gain mechanistic insights into any observed cytotoxicity.  

An underlying objective in this work was to address the use and appropriateness of in vitro cell 

lines as alternatives to animal testing and as useful tools for nanoparticle hazard identification 

both in a screening strategy and to prioritise ENMs for in vivo testing. 

Preliminary studies presented in introductory papers 1, 2 amd 3 were performed first as a 

foundation upon which to build on achieveing the main objective of gaining some insight into 

the mechanisms underlying the toxicity of a ENMs. Studies were devised  

 To investigate the cytotoxic potential of an array of different sized/shaped ENMs 

(ZnONPs and CuNPs) and to ascertain if any causal relationships exist between their 

physico-chemical properties and the biological responses observed (introductory 

papers 1 and 2).  

 

 To investigate if there are any differences among fish and mammalian cell lines in 

susceptibility/sensitivity to these ENMs according to the species in which the cell line 

was isolated, or if in fact ENMs elicit different mechanism of toxicity (if any) at the 

cellular level across species (introductory papers 1 and 2). 

 

 To determine to what extent the cytotoxicity (if any) is caused by ions formed from 

NP dissolution or directly by NPs (introductory papers 1 and 2). 

 

 To assess if the combined effect of the ZnONPs and CuNPs under investigation can 

differ greatly from that produced by each individual ENM alone (introductory paper 

3). 

 

The results from these initial studies allowed us to characterise the cytotoxic potential of the 

ENMs and provided information needed to design studies to gain insights into the general 

mechanisms of toxic action of ZnO NPs and CuNPs. These further studies constitute the main 

backbone of this thesis and they were performed to meet the specific objectives presented below. 
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1. To determine the real role of oxidative stress as a causative agent of cytotoxicity of 

ENMs.  

As indicated in the introduction, it has been generally accepted as a paradigm that 

oxidative stress is the main cause of the toxicity of ENMs. However, oxidative stress 

could be actually a consequence of the toxicity of ENM instead of its cause. In order to 

clarify this issue cell lines were exposed to CuNPs that induce the production of ROS in 

cells and toxicity was assessed under normal conditions and after reducing the level of 

ROS by activating the anti-oxidative stress defense mechanisms of the cells (research 

paper 1). 

2. To compare the sensitivity among different fish cell lines against NP insult and to 

investigate if cell lines were representative of cells maintained in primary culture.  

One of the main challenges we have found when designing studies to investigate the 

cytotoxic potential of ENMs was in selecting the most appropriate cell line as a test 

system. To address this issue we have performed a study to assess the sensitivity of 

different cells and cell lines maintainted in culture. In research paper 2 all available cell 

lines, as well as freshly isolated (primary) liver cells from rainbow trout were used as test 

systems. AgNPs were chosen in this case, as according to current environmental risk 

assessments based on modelling predicted environmental concentrations and taking into 

account species sensitivity distributions AgNPs present one of the highest risks compared 

to other NPs, particularly in surface waters. 

3. To gain information about the relevance of ENM toxicity data obtained in vitro with 

respect to an in vivo situation. 

Although there is an important amount of data concenring the toxicity of ENMs obtained 

from in vitro approaches, information from in vivo studies dealing with ENMs is still 

scarce. It is therefore essential to carry out some experiments in vivo to evaluate the 

applicability of in vitro data to more realistic in vivo situations. Taking this into 

consideration, we performed an in vivo study to determine the toxicity and 

bioaccumulation of zinc derived from ZnONPs to rainbow trout fed ZnO NPs (according 

to the OECD TG 305) (research paper 3). The ZnO NPs used here were the same as 

those used in previous studies when testing cytotoxicty towards cell lines, and therefore 

allowed a direct comparison of results obtained using in vitro and in vivo approaches. 

 

4. To study to what extent modifications in the surface coatings of NPs govern physico-

chemical properties and biocompatibility and if the use of different coatings could aid in 

developing safer ENMs.  

The surface of NPs can be functionalized in different ways in order to fine tune their 

physico-chemical or toxicological properties. In this way, we could develop safer ENMs, 

but also increase the safety of products containing NPs and ensure their low health and 

environmental impact (by increasing safety in the manufacturing processes, the use of 
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the products, and their recycling or spillage). Taking this into account, we have monitored 

in vitro differences in the toxicity of AuNPs capped with an array of peptide- biphenyls 

(research paper 4). 
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CHAPTER 3  
An introductory investigation into the cytotoxicity of ZnO 

NPs and CuNPs in both mammalian and piscine liver cell 

lines and their potential potentiating effect when co-

exposed. 

Chapter 3 is an introductory chapter constituted by three articles that served to generate initial 

results and to propose a general objective for the thesis. This chapter presents an investigation 

into the cytotoxicity of ZnO NPs (introductory paper 1) and CuNPs (introductory paper 2) 

towards both mammalian and piscine liver cell lines and their potential potentiating effect when 

co-exposed (introductory paper 3). Copper and zinc are two essential trace metals required by 

all living organisms in ionic form and in low concentrations to carry out important biological 

processes necessary for survival. Cellular zinc and copper homeostasis is achieved through tight 

regulation. The biological activity of ZnO NPs and CuNPs and whether nanoparticles of zinc 

and copper are regulated with such efficiency has yet to be determined. Liver cell lines were 

chosen as experimental models/test systems for ZnO NP and CuNP hazard assessment as the 

liver is an important detoxification site and site for NP distribution once in systemic circulation. 

A range of NPs with different primary particle sizes and shapes were used, in order to ascertain 

if any causal relationship exists between such physico-chemical properties and biological 

responses. Exposures using reference ions, in the form of copper metal salts or released zinc ion 

fractions, were performed, in parallel, to investigate the contribution of metal ions released form 

NPs to effects. Often in toxicology investigating hazard to the environment and human health 

form separate and distinct lines of investigation however within this thesis the use of both 

mammalian and piscine liver cell lines provided an opportunity to investigate potential 

differences in susceptibility across species. Important species-specific differences in 

susceptibility exist, that appear to be dictated by the role of dissolved ion in NP cytotoxicity and 

the distinct differences in sensitivity for the different mammalian and piscine cells. Also the 

potential hazard associated with the co-occurrence of both ZnO NPs and CuNPs in the 

environment and the potentiation effects associated with co-exposure was highlighted 

(introductory paper 3). 

 

Introductory paper 1:  Comparative cytotoxicity induced by bulk and nanoparticulated ZnO in 

the fish and human hepatoma cell lines PLHC-1 and Hep G2. 

Introductoy paper 2: Species-specific toxicity of copper nanoparticles among mammalian and 

piscine cell line.  

Introductory paper 3: The potentiation effect makes the difference: Non-toxic concentrations of 

ZnO nanoparticles enhance Cu nanoparticle toxicity in vitro. 
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CHAPTER 4 

Testing the oxidative stress pathway of toxicity for CuNPs 

in a liver cell line.   

 
Chapter 4 is entitled: Testing the oxidative stress pathway of toxicity for CuNPs in a liver cell 

line. In this chapter, through research article 1, the extent to which the cytotoxic effect of CuNPs 

is governed by oxidative stress was investigated. Liver cells exposed to CuNPs produce high 

levels of reactive oxygen species (ROS) (introductory paper 2). The generation of ROS and 

consequent oxidative stress is regarded as a relevant mechanism for nanoparticle toxicity. This 

is plausible for CuNPs as the copper ion is a redox-active metal and also if taken up by the cell 

NPs disruption of the mitochondria may lead to the release of endogenous ROS stores. To 

investigate the extent to which the ion or NP contributes to ROS generation two CuNPs with 

high and low dissolution profiles were included in the study. Results revealed ROS elicitation 

was CuNP-specific. Also it was important to question if an increase in intracellular ROS was the 

cause or consequence of cellular damage that leads to cytotoxicity. To answer this question liver 

cells were challenged with high reactive oxygen species (ROS) levels following CuNP exposure, 

while at the same time the aryl hydrocarbon receptor (AhR) gene battery of cellular antioxidant 

defence was activated by the ligand ß-Naphthoflavone (BNF). We hypothesised that through 

simultaneous activation of the AhR signalling pathway, and its gene battery, by BNF the anti-

oxidative response would be upregulated and the cells redox status brought back into equilibrium 

following CuNP insult. Interestingly despite ROS abrogation and redox balance the levels of cell 

viability did not increase. This result supports the hypothesis that the reduced viability of H4IIE 

liver cells following exposure to CuNPs occurs independently of intracellular ROS and redox 

status and other pathways of NP cytotoxicity must be explored.  

 

Research paper 1: Recovery of redox homeostasis altered by CuNPs in H4IIE liver cells does 

not reduce the cytotoxic effects of these NPs: an investigation using aryl hydrocarbon receptor 

(AhR) dependent antioxidant activity. 
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CHAPTER 5 
Investigating the hazard associated with Ag ENMs in aquatic 
environments using available liver cell lines and primary 
hepatocytes from rainbow trout. 

 

The research article presented in chapter 5 focuses on the hazard associated with AgNPs reaching 

freshwater environments. According to current environmental risk assessments based on 

modelling predicted environmental concentrations (PEC) and taking into account species 

sensitivity distributions, AgNPs present one of the highest risks compared to other NPs, 

particularly in surface waters. Fish are particularly susceptible to the toxic effects of silver ions 

and, with knowledge gaps regarding the contribution of dissolution and unique particle effects 

to AgNP toxicity, they represent a group of vulnerable organisms. Using primary liver cells and 

available cell lines from rainbow trout the cytotoxicity of AgNPs and the silver salt Ag(NO3)2 

was tested. Results were used to compare the sensitivities between cell lines, to investigate if 

responses in liver cell lines were representative of primary liver cells behaviour and to shed light 

on the mechanisms underlying observed toxic responses (if any). Multiple assay systems were 

applied to the same set of cells to monitor plasma membrane damage, lysosome functioning and 

cellular metabolic activity increasing the robustness of the in vitro cell culture test system and 

providing valuable information on potential mechanisms of cytotoxicity of AgNPs. In particular 

the role of the lysosome in AgNPs mechanism of cytotoxicity was highlighted and lysosomal 

damage pinpointed as an important indicator for detecting NP-specific effects. 

Research paper 2: Comparative Cytotoxicity Study of Silver Nanoparticles (AgNPs) in a Variety 

of Rainbow Trout Cell Lines (RTL-W1, RTH-149, RTG-2) and Primary Hepatocytes. 
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CHAPTER 6 
 
Investigating the hazard associated with ZnO NPs in aquatic 
environments using rainbow trout and a dietary exposure 
according to the OECD Test No. 305. 
             
In chapter 6 the hazard associated with ZnO NPs reaching aquatic environments and being taken 

up by fish is investigated. According to in vitro studies performed assessing the cytotoxicity of 

a range of ENMs using a range of liver cell lines, ZnO NPs are the most hazardous (lowest IC50). 

While NP dissolution and the release of ions can contribute to cytotoxicity, the presence of large 

ZnO NP aggregates highly contributed to the toxicity observed in the fish cell line. An increase 

in ROS levels was also measured in fish liver cells exposed to ZnO NPs. This increase in ROS 

was also specific for fish cells. Therefore in order to test how this response translates to what 

may occur on a whole organism level an in vivo exposure study (OECD TG 305) was performed 

using the same ZnO NPs. Rainbow trout (Oncorhynchus mykiss) were fed feed spiked with ZnO 

NPs over a 2 week period. Such an exposure route was chosen, as according to the 

recommendation for application of TG 305 to ENM testing, dietary spiking should be favoured. 

The tissue distribution and depuration pattern of Zn as well as any associated redox balance 

disturbances in fish following exposure to ZnO NPs was measured. High Zn levels in plasma 

and the livers of groups exposed to the higher dose ZnO NPs (1000 mg/kg) were measured. 

While levels were quickly eliminated during depuration, we observed biochemical disturbances 

associated with oxidative stress in the liver (decreased GSH/GSSG ratios) and interactions with 

the cytochrome P450 (CYP) enzyme activities (increased EROD activity). No lethality was 

observed and no differences among groups were observed in fish growth (weight and length) or 

in the hepatosomatic index. Therefore it appears the level of biochemical disturbance (decrease 

in GSH/GSSG ratios) which may have been associated with oxidative stress did not exceed the 

capability of the fish’s endogenous antioxidant/physiological environment to respond. A positive 

concordance was evidenced between ROS increase in liver cells and oxidative disturbances seen 

in the liver of fish however ultimately an organism’s adaptive capability must be considered in 

predicting an adverse outcome.  

 

Research paper 3: Tissue distribution of zinc and subtle oxidative stress effects after dietary 

administration of ZnO nanoparticles to rainbow trout. 
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CHAPTER 7 
 
An investigation into the hazard associated with AuNPs and 
the influence of different peptide capping’s on stability and 
biological activity in a liver cell line. 
                       
In chapter 7, we focus on AuNPs, ENMs which are being intensely investigated for their potential 

use in biomedicine due to their light absorbing and scattering properties at nanoscale. Obviously 

prior to their application any potential hazards associated with their use must be investigated and 

their biocompatibility must be assured. The use of coatings and capping agents in the rational 

design of ENMs is seen as an approach both to functionalise and to achieve safer NPs by design. 

In research paper 4, using AuNPs as an example, we investigate how ENMs properties and 

behaviour can be manipulated as desired. A detailed physico-chemical characterisation of an 

array of AuNPs capped with different peptide- biphenyl moieties containing (glycine (Gly), 

cysteine (Cys), tyrosine (Tyr), tryptophan (Trp) and methionine (Met)) under cell culture 

conditions was performed. How the cappings influence stability in such an environment and 

dictate activity towards liver cells was assessed. One PBH-capped AuNP preparation, namely 

(Au[(Gly-Tyr-TrCys)2B]), showed unique stability under biological conditions and distinct 

biological activity. The remarkable stability provided by such a capping agent may prove useful 

in the future design of AuNPs for drug delivery systems or simply to control ENM behaviour in 

biological matrices.  

 

Research paper 4: Peptide-biphenyl hybrid-capped AuNPs: stability and biocompatibility under 

cell culture conditions. 
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CHAPTER 8 

 

 FINDINGS AND GENERAL DISCUSSION 
 
 
 
 
 
8.1 Toxicity of metal NPs (ZnO, Cu, Ag, and Au) to liver cells 

Research presented as part of this thesis sought to assess the hazard associated with metal NP 

(Ag, Cu, Au, ZnO) exposure to liver cells, using available cell lines. Effects observed in cell 

lines could be used to infer information on possible effects that could take place in the liver. 

Taking into account IC50 values ZnO ENMs represent an increased hazard (IC50 15.2-26.6 

µg/mL) compared to Cu ENMs (IC50 39-55 µg/mL) towards mammalian liver cells (HepG2 cell 

line) according to a number of assay systems employed and different sized nanoparticle 

preparations tested. On the other hand, Au ENMs appear rather biocompatible (research paper 

4). 

From an environmental perspective, when using fish liver cells, the group of metal ENMs tested 

are ranked Ag>ZnO>Cu ENMs in toxicity according to recorded IC50 values. The lowest IC50 

value (10.7 µg/mL) corresponded to the rainbow trout liver cell line, RTL-W1, following 24 h 

exposure to Ag ENMs. In comparison IC50 values of 14.1 and 55 µg/mL were observed following 

ZnO NP and CuNP exposure, respectively, in the topminnow liver cell line (PLHC-1). All IC50 

values recorded fall into the toxicity ranking as harmful and moderately toxic (10-100 µg/mL) 

with Ag ENMs bordering as toxic (1-10 µg/mL) according to classification scheme outlined in 

the CLP legislation for aquatic species (Regulation (EC) No 1272/200829). 

 

Comparative studies that were performed to investigate any differences in susceptibility to 

cytotoxic effects of NPs between mammalian and fish liver cells revealed that mammalian liver 

cells are more sensitive to toxic effects of ENMs (Cu and ZnO ENMs). Mammalian cells are 

also more sensitive to ionic forms of these metals and thus the role played by differences in 

tolerances to ions (either released from NPs in the medium environment or intracellularly) may 

be a key factor in dictating these species specific differences in susceptibility to ENMs and their 

hazard potential.    

In the introductory paper 3 we have highlighted how the combined effect of such metal ENMs 

as ZnO and Cu, which have been found simultaneously in the environment, may represent an 

even greater hazard than each individual ENM alone. A potentiating effect was seen in co-

                                                           
29 CLP legislation (REGULATION (EC) No 1272/2008 of the European Parliament and of the council of 16 December 2008 on classification, 

labelling and packaging of substances and mixtures, amending and repealing Directives 67/548/EEC and 1999/45/EC, and amending 

Regulation (EC) No 1907/2006). 
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exposure studies when liver cells were challenged with ZnO ENMs, at non-cytotoxic 

concentrations, together with Cu ENMs. IC50 values decreased from 13 µg/mL, following 

exposure to Cu ENMs alone, to values as low as 4 µg/mL when cells were co-exposed with ZnO 

ENMs. Investigating such effects is especially important in the case of ENMs made of metals 

due to the complex interdependencies of metal regulation in the cell. In this case, heightened 

toxicity is seen. However other studies comparing the dual cytotoxicity of ZnO and TiO2 ENMs 

(commonly found in sunscreens) reveal a protective effect whereby TiO2 appears to absorb any 

free Zn2+ ions thus reducing their bioavailability (Kathawala  et al. 2015). Studies like these 

highlight the potential hazard associated with exposure to more than one nanoparticle at a time 

and this is an area which remains largely unexplored.  

In vivo exposures (research paper 3) incorporated into this research confirmed the relevance of 

toxicological data obtained from in vitro studies to responses in vivo and highlighted the liver as 

a relevant target site for hazards associated with ENM exposure in the environment. Exposures 

were performed using fish (rainbow trout) and feed spiked with ZnO ENMs. Elevated levels of 

Zn as well as biochemical disturbances associated with oxidative stress (increased GST activity, 

decreased ratio of GSH/GSSG) were measured in the livers of fish administered high 

concentrations of ZnO ENMs. This together with the lack of complete assimilation and 

elimination from the intestine may point to distinct hazards associated with ZnO ENM exposure 

in vivo in fish (the role of oxidative stress in the mechanism of toxicity of ENMs is discussed in 

section 8.5.3). Studies have only been performed with ZnO ENMs, with Zn being in general well 

tolerated by fish. Future studies using different metal ENMs such as AgNPs that have the highest 

hazard potential according to in vitro studies may reveal an increased risk following exposure to 

this type of ENM.  

 

8.2 Particle properties influencing effects -Is there evidence of a nano-specific effect? 

In metal ENM hazard assessment, one of the key questions is do metal-based nanoparticles exert 

higher toxicity when compared to water-soluble metal compounds or microscale particles of the 

same metal content? The large surface area to volume ratio that ENMs have facilitates dynamic 

interactions and often heightened reactivity/activity (quantum confinement). Whether this causes 

heightened hazard once ENMs are within the cellular environment therefore must be 

investigated. Also while most metals in their bulk form are poorly soluble, at nanoscale there 

may be deviations from the classical thermodynamic principles. With decreasing size particles 

are presumed to exhibit increased dissolution according to the Ostwald-Freundlich equation. 

This may lead to a significant contribution from dissolved ions to observed effects following 

ENM exposure.  

In the presented studies we have included either a metal salt (soluble ion) or bulk material (all 

dimensions > 100 nm) preparation in order to compare and contrast toxicological effects. For 

each of the metal ENMs studied we will discuss findings in relation to nanoparticle-specific 

effects and the contribution of dissolved ion to any cytotoxicity observed. We have also taken 

into consideration that it could also be the case that effects are nanoparticle facilitated and ion 
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mediated, in a sense that the nanoparticles are taken up and subsequently dissolution takes place 

intracellularly exposing cells to high concentrations of intracellular ions.   

8.2.1 CuNPs 

Evidence from the here presented studies have shown that Cu exposed to liver cells in 

nanoparticle suspensions (particles and ions) can exert higher toxicity than equal concentrations 

of the soluble dissolved copper nitrate salt, Cu(NO3)2 (introductory paper 2). This has also been 

reported in lung epithelial cells (Karlsson et al. 2008), intestinal cells (Piret et al. 2012) and liver 

cells by other authors (Cuillel et al. 2014). In fact very similar dose response relationship can be 

seen in our study and that presented by Karlsson et al. (2008) and Cuillel et al. (2014). IC50 

values are being approached following exposure to 20 µg Cu/mL in Cu(CuO)NP suspensions 

while concentrations > 40 µg Cu/mL are needed to reach the same level of loss in viability 

following exposure to soluble forms of copper salts. The observed cytotoxicity of CuNP 

suspensions is assumed to be due to the combined effect of the particulate fraction present in the 

suspensions (NP (particle)) and of the ionic fraction (dissolved Cu2+ ions released from the 

particles) (NP(ion)). Therefore, the solubility of the particles, and their ability to release ions (a 

process which in turn may lead to modifications in particle physico-chemical properties (e.g. 

size or stability)) is one essential property that must be taken into account.  

In fact we have used a response addition model in introductory paper 2 to estimate the cytotoxic 

contribution of particle forms and Cu2+ in CuNP suspensions. We have found that CuNP forms 

highly contributed to the toxicity in all cell lines, with much lower IC50 values calculated for 

particle forms than for Cu2+ ions. In the research paper 1 we have investigated further the relative 

contribution of released Cu2+ ions to CuNP toxicity using a CuNP with high dissolution (CuNP 

25) and another one with low dissolution (CuNP 78). For the CuNP with high dissolution the 

concentration of extracellularly dissolved ions was high enough (51.2 µg/ml) to significantly 

contribute to cytotoxicity. However, in contrast, for the CuNP with low dissolution, copper ion 

concentrations (6.6 µg/mL) were not high enough to produce cytotoxic effects. Therefore in this 

case, the nanoparticulate fraction must have an important contribution to the toxicity seen.  

To explain such nanoparticle-specific effects one could consider the different cellular uptake and 

processing mechanisms for ions and particles that may exist. Some studies are emerging looking 

at subcellular localisations to determine possible differences in processing mechanisms (Fan et 

al. 2013). In our studies TEM micrographs point to membrane invagination and large aggregates 

of copper particles in vesicles following exposure to CuNPs which would suggest an endocytotic 

uptake route and storage of copper in particulate form in intracellular “pools”. Thus, copper 

presented to cells in particulate form may lead to the presence of higher concentrations of copper 

in the cell than if presented in the form of Cu2+. Uptake, transport, storage and excretion of Cu2+ 

is tightly regulated in cells (Lalioti et al. 2009). Copper (Cu2+) is usually taken up into 

hepatocytes across the plasma membrane by Ctr protein family members (membrane protein 

CTR1) (Lee et al. 2002). Once inside the hepatocyte, copper can complex with glutathione 

(Freedman and Peisach 1989) and copper chaperones such as Atox1 transfer copper to the trans-

Golgi network where ATP7B, a Cu-transporting ATPase transports copper for incorporation into 

ceruloplasmin and absorption into the bloodstream. Excess copper is transported for biliary 
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excretion into faeces (Bartee and Lutsenko 2007). The cysteine-rich intracellular metallothionein 

proteins also serve as copper scavengers in hepatocytes and metalochaperones responsible for 

intracellular copper transfer. The copper ion is almost always associated with biomolecules and 

proteins and not present free in the cytoplasm. Whether copper nanoparticle uptake and 

processing (intracellular trafficking) follows the same mechanism as ions and is afforded with 

such tight regulation is yet to be elucidated. A 75% increase in copper concentration when 

exposed to cells in nanoparticle form as opposed to in ionic form has been reported (Cuillel et 

al. 2014). Also toxigenomic analysis points to distinct gene expression profiles following 

exposure to CuONPs at the molecular level compared to responses from extracellularly released 

ions in the lung epithelial A549 cell (Hanagata et al. 2011). 

Once inside these vesicles CuNPs may remain in particle form or dissolve and thus the cells can 

be presented with high concentrations of both particulate and ionic copper. The role played by 

Cu2+ ions following CuNP uptake and possible intracellular dissolution has yet to be elucidated. 

Researchers have used cell permeable Cu chelators (desferoxamine and D–penicillamine) to 

investigate if intracellular Cu2+ was involved in toxic mechanism. Failure of chelation to mitigate 

cytotoxicity led researchers to conclude that the biological effect of CuO is not mediated by Cu2+ 

release either extracellularily or intracellularily (Fahmy et al. 2009). Minocha and Mumper 

(2012) evidenced that even CuNPs protected from oxidation by carbon coating caused the same 

level of toxicity as CuNPs, corroborating the idea of minimal contribution of the ionic fraction 

to toxicity. All these data corroborate our observations that both ions and particles contribute 

independently to the toxicity with a major role played by the particle fraction.  

We then addressed if specific effects exist for particles in nanometer size when compared to 

micron-sized particles. Interestingly larger micron-sized Cu particles, caused similar and in some 

cases heightened toxicity in cell lines compared to CuNP preparations. However physico-

chemical characterisation revealed that these particles were present with mean diameter of 

between 200-600 nm but they transformed under culture conditions leading to cells being 

exposed to a homogenous distribution of 35 nm nanoparticles of Cu. Therefore it did not 

represent a true comparison. But it did demonstrate that micron-sized particles can be broken 

down to smaller particles (be transformed) in different environments and highlights the 

importance of physico-chemical characterisation under exposure conditions. This is consistent 

with observations made following exposures of the same preparations to zebrafish embryos (Hua 

et al. 2014). In both cases transmission electron micrographs reveal large submicron sized 

particles that appear to be composed of collections of smaller particles according to the 

propagating edges. Exposure to these micron-sized particle preparations that transformed under 

culture conditions resulted in the highest cytotoxicity in all cell lines tested showing that even 

micron sized particles that are susceptible to degradation under specific conditions may act as a 

source of nanomaterials. It is worth noting that studies performed with stable micron sized 

preparations have indeed shown that micron-sized Cu based particles are far less toxic to cells 

compared to nanoforms, supporting size dependent toxicity (Karlsson et al. 2008, Semisch et al. 

2014). Also in vivo studies have shown that the LD50 following exposure in rats was 413 vs > 

5000 mg/kg body weight for CuNPs and micron-sized Cu particles respectively (Chen et al. 

2006).  
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Collectively evidence from the research presented supports specific nanoparticulate toxicity 

associated with CuNP exposure that cannot solely be ascribed to extracellularly released Cu2+ 

ions. 

8.2.2 ZnO NPs 

In studies assessing the cytotoxicity of ZnO NPs (introductory paper 1) we have not included a 

soluble source of Zn2+ (eg. ZnCl2 or ZnSO4) for comparison but instead we have exposed cells 

to the fractions of dissolved Zn released from ZnO NP preparations during 24 h in cell culture 

medium. While this was predominantly done to assess the contribution of ions to cytotoxicity 

(discussed in more detail in section 8.5.1) it allowed us to compare and contrast dose responses 

to the same mass concentration of Zn in suspension (particle and ion) and the dissolved (ion) 

form. It is interesting to point out that the fraction of dissolved Zn in cell culture medium ranged 

from 5.3-30.96% depending on the medium and exposure conditions used (influence of medium 

composition is discussed further in section 8.3).  

According to results, significant reductions in viability were seen at similar mass concentrations 

of Zn when PLHC-1 cells were exposed to ZnO NP suspensions or dissolved fractions (≥ 9 µg 

Zn/mL vs ≥10 µg Zn/mL respectively). In the case of HepG2 cells the dissolved fraction 

produced a reduction at lower concentrations (6 µg Zn/mL) with ZnO NP suspensions producing 

significant reduction in viability between 12-18 µg Zn/mL. However we must point out that this 

may be related with this mammalian cell lines increased susceptibility to metal ions (discussed 

in detail in section 8.4). Therefore in general at the same mass Zn concentration both ZnO particle 

suspensions and dissolved fractions cause similar cytotoxicity. 

Similar sensitivity distributions to ZnO nanoparticles and Zn2+ have also been reported for a 

range of aquatic species (Adam et al. 2015). In fact Bondarenko and colleagues have described 

responses to ZnO NPs and Zn2+ ions in different organisms as well as mammalian cells in vitro 

as “stunningly similar”  with L(E)C50 of particle exposures correlating well with Zn2+ exposures 

(R2= 0.85) (Bondarenko et al. 2013). This correlation may lead one to hypothesise that the 

cytotoxicity of ZnO NP suspensions is related with the dissolved Zn ion. In fact it is the general 

consensus that toxic effects of ZnO NPs are due to their solubility (Deng et al. 2009). Taking the 

amount of Zn measured in dissolved fractions obtained from 100 µg/mL ZnO NP suspensions 

as the solubility of ZnO NPs in the different medium environments, a 9 µg/mL dose of ZnO NPs 

in EMEM could potentially represent up to 7.7 µg/mL Zn2+ and in the case of α-MEM ZnO NPs 

may be completely dissolved (solubility between 28.3-43.3 µg/mL). As such high concentrations 

themselves are cytotoxic, the extracellular concentration of dissolved Zn2+ may be solely 

responsible for cytotoxic effects. In fact iron doping has been used to slow the dissolution process 

and has been shown to reduce the cytotoxicity of ZnO NPs in epithelial and macrophage cell 

lines (George et al. 2010).  

However if the predominant factor driving ZnO NP suspension cytotoxicity in our studies was 

extracellular dissolution one would expect much higher levels of cytotoxicity to be seen in the 

PLHC cell line due to the high dissolution levels in α-MEM. Similarly less cytotoxicity should 

be evidenced in the HepG2 cell line cultured in a medium environment producing lower 

dissolution rates. The fact that such a distinction was not evidenced, and that both cell lines 
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showed similar levels of susceptibility to ZnO NP suspensions, may question the role of the 

extracellular dissolved ion. There is also the possibility of re-precipitation of insoluble ZnO 

particulates from dissolved Zn2+ above a saturation equilibrium in the medium environment. In 

fact according to DLS analysis of dissolved fractions (assumed to consist of solely Zn2+) there 

was a particle population present (30-100 nm) most evidently in α-MEM. Therefore the high 

concentration of Zn present in α-MEM may not have been in free form (Zn2+) but complexed to 

organic ligands in the media or as precipitates. The formation of insoluble precipitates of either 

zinc hydrocarbonate (hydrozincite) or zinc phosphate hydrate (hopeite) (30-60 nm in size) when 

solutions of ZnO NPs or zinc ions are present in culture medium has been witnessed (Reed et al. 

2012, Turney et al. 2012).Thus dissolved fractions may also contain insoluble precipitates in the 

nanometer range that themselves may contribute to cytotoxicity or render Zn2+ less bioavailable. 

This phenomena also makes it difficult to distinguish dissolved ion effects from nanoparticle-

specific effects.  

There is also evidence to point to nanoparticle-specific effects besides direct comparative studies 

showing that ZnO NP suspensions have higher cytotoxic effects in a range of mammalian cell 

types (monocytes, epithelial cells, and lymphoblasts) compared to the same mass concentration 

of ZnCl2 (Zhang et al. 2014). For example in the introductory paper 3 we have also evidenced 

nanoparticle-specific potentiating effects (ZnO NP altering the homeostasis of Cu) in liver cells. 

Interestingly the same phenomenon was seen in in vivo exposures with fish when exposure to 

ZnCl2 had little effect on Cu liver levels while exposure to ZnO NPs or ZnO NPs and ZnCl2 

decreased levels (Amara et al. 2014). To consolidate a nanoparticle-specific effect Moos and 

colleagues have also demonstrated that direct cell contact with ZnO NPs is required to cause 

toxicity in RKO colon cancer cells by using a transwell system (Moos et al. 2010). Studies using 

the water flea Daphnia magna incorporating response addition models similar to those we have 

applied for CuNP exposures (introductory paper 2) point to particles dominating effects (Hua et 

al. 2014).  

One must also consider that nanoparticles, if taken up, may be susceptible to intracellular 

dissolution. How cells deal with ions in their surrounding environment and when internalised 

will be different. Wang et al. (2014) has proposed that ZnO cytotoxicity is related with the 

cellular uptake, and subsequent release of large amounts of Zn2+ in the cytoplasm and within the 

low pH environment of lysosomes (for macrophages). We have witnessed large aggregates of 

ZnO NPs in HepG2 cells exposed to 6.25 μg/mL suspensions of ZnO NPs (19 nm in primary 

particle size) (introductory paper 3) confirming that ZnO NPs are taken up in particulate form 

and remain present following the 24 h exposure period. The level of ZnO NP intracellular 

dissolution and the extent to which this may contribute to cytotoxicity was not elucidated. In a 

similar fashion to copper, zinc bioavailability is thought to be regulated by metalothionein 

sequestering the metal and preventing absorption, while transport of zinc between the cytosol 

and vesicles is thought to involve certain zinc transporters. Also vesicular storage sites of zinc 

in mammalian cells have been identified in cells (zincosomes) that are thought to play a role in 

zinc redistribution and maintaining zinc homeostasis by accumulating labile zinc (Zalewski et 

al. 1993, Coyle et al. 1994). If ZnO NPs are conferred with such tight regulation is yet to be 

confirmed.   
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As well as the similar levels of cytotoxicity seen for ZnO NP suspensions and dissolved fractions, 

similar levels of cytotoxicity were also seen for the ZnO NPs and the bulk material (IC50 16.7 

vs 16.3 µg/mL). However according to physico-chemical analysis the micron-sized ZnO 

particles consisted of particles 135 nm in length and therefore they did not act as the most 

appropriate micron-sized particle for comparative purposes. In spite of this, comparative studies 

using 70 nm and 420 nm ZnO particles in A549 lung cells showed similar dose response curves 

(EC50 13.6 vs 14.2 µg/mL) (Lin et al. 2009). Also other authors (Xiong et al. 2011) have reported 

similar toxicity profiles for ZnO in nano form and bulk corroborating our findings.  

The solubility of ZnO NPs and formation of Zn2+ appears to play a major role in the cytotoxicity 

of ZnO NPs. Responses to ZnO NP exposure will be influenced by differences in susceptibility 

to Zn2+. Also the lack of size dependent influence (difference between nanoparticle and micron-

sized particles) supports the predominant role of extracellular dissolution and contribution of 

Zn2+ to cytotoxicity. However we must point out that the presence of particles leads to the 

potentiation of CuNP cytotoxicity.  

8.2.3 AgNPs 

Silver in its ionic form is one of the most toxic heavy metals, and whether particle-specific effects 

exist remains ambiguous (Lubick et al. 2008). Research paper 2 compares the response of liver 

cells to the AgNO3 salt, which acted as a source of Ag+, and AgNPs. In general cytotoxic effects 

were observed at lower concentrations for the AgNO3 cell exposures than following AgNP cell 

exposures, which indicated that at respective concentrations of nanoparticle and silver ions, ions 

are more toxic. IC50 values following exposure to AgNPs were in general higher ranging from 

19.8-45 µg/mL according to the specific cell line and toxicity assay endpoint used, compared to 

0.4-3.8 µg/mL following exposure to AgNO3. Similar trends have been reported using HepG2 

mammalian liver cells with AgNO3 being 100 fold more cytotoxic (IC50 50 µg/mL vs 0.5 µg/mL) 

(Vrček et al. 2014). In this study AgNP suspensions did not show any dissolution and in fact the 

intracellular concentration of Ag was the same following exposure to AgNO3 and AgNPs. 

Therefore the difference in cytotoxicity may be related to distinct ways in which the cells handle 

Ag ions and AgNPs. Miyayama and colleagues have shown in bronchial epithelial cells that Ag 

ions are sequestered by metallothioneins as early as 3 h after treatment and the mechanism of 

cytotoxicity is associated with Ag ions inhibiting the electron chain transfer of mitochondrial 

complexes as the concentration of Ag-MT decreases (Miyayama et al. 2014). Similarly Arai and 

colleagues have shown that the amount of Ag-bound MTs increased in J774.1 macrophage-like 

cells following exposure to AgNO3 however there was no evidence of Ag bound metallothionein 

following exposure to AgNPs. Instead large aggregates of AgNPs were found in lysosomes (Arai 

et al. 2014). AgNPs have been shown to disrupt mitochondrial function by interacting with the 

cysteine residue of NADH dehydrogenase (Teodoro et al. 2011) (mitochondria as a possible 

target site is discussed further in section 8.5.2). 

In research paper 2 a physico-chemical characterisation confirmed that the AgNPs tested were 

present in nanoparticulate form with 95% of particles with an average hydrodynamic diameter 

of 7 nm and the dispersion was stable over the entire exposure period (24 h). Use of a dispersant 

assured a stable and homogenous distribution of AgNPs and it was advantageous for comparing 
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responses across cell types to the same AgNP suspension. However such a dispersion may not 

reflect what may occur under real exposure situations. In fact we have witnessed an example of 

how changing the medium environment can lead to destabilisation and complexing of Ag with 

medium components. It appears that this complexing rendered the AgNPs less bioavailable and 

thus we see lower cytotoxicity in terms of metabolic activity. Interestingly exposure to 

complexed AgNP preparations produced distinct and heightened effects on the plasma 

membrane and lysosomes of cells. Similar IC50 values as AgNO3 exposure were obtained for 

these preparations when tested using the neutral red assay which monitors lysosomal integrity. 

Thus the potential dissolution of AgNPs in this compartment may be a possible mechanism of 

cytotoxicity (discussed in detail in section 8.5.2). Therefore while free Ag+ represents an 

increased hazard compared to AgNPs, dissolution of AgNPs either in the environment 

(extracellularly) or intracellularly can act as a hazardous source of free Ag+.  

Also while a micron-sized particle preparation was not included in this study these complexed 

Ag preparations formed large particle aggregates (200 nm in size). These preparations did not 

have the same toxic efficacy in terms of loss in metabolic activity but had equally and even more 

toxicity using membrane damage and lysosomal dysfunction as an endpoint. 

It seems that particle uptake and subsequent dissolution may be acting as an important 

mechanism of cytotoxicity for AgNPs. This has been proposed first by Park and colleagues in 

2010 (Park et al. 2010). In particular the increased sensitivity of the neutral red assay focusing 

on lysosomes is in line with the proposed “lysosome-enhanced Trojan horse effect” (LETH 

mechanism) (Sabella et al. 2014) (discussed in more detail in 8.5.2). 

 

8.3 Possible methodological aspects influencing effects-Experimental considerations 

Experimental considerations need to be specifically made due to technical issues posed by testing 

nano-particulate forms using in vitro cell culture systems. First, when preparing exposure 

suspensions it is pertinent to consider the ENMs dispersability30 in the culture medium 

environment. Depending on the dispersion state and stability, particles may experience diffusion 

effects, gravitational settling and agglomeration under culture conditions and such 

particokinetics31 can ultimately influence cellular interaction and responses. 

The ENMs used in the range of studies presented in this thesis have been either sourced from the 

manufacturer in powder form (ZnO and CuNPs), supplied already in a colloidal dispersion 

(AgNP-NM300K) or dispersed in water following synthesis (AuNPs). In all cases, prior to 

testing, suspensions of ENMs must be prepared in cell culture medium. Besides providing an 

optimum and nutrient rich environment for cell growth and propagation, the media 

characteristics can have a direct influence on how ENMs are dispersed in these suspensions. Cell 

culture medium is a buffered solution that is comprised of a mixture of essential nutrients such 

as amino acids, carbohydrates, inorganic salts, vitamins, minerals and growth factors. It has a 

pH of between 7.2-7.4 which is maintained by gaseous CO2 balances with the NaHCO3 content 

                                                           
30 degree to which ENM is uniformly distributed in another material (dispersion medium). 
31 First coined by Teeguarden and colleagues in 2007 to describe the solution dynamics of ENMs including diffusion, gravitational settling, and 

agglomeration (Teeguarden et al. 2007). 
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of the culture medium. Medium is available with a variety of different formulations depending 

on the optimum growth conditions for particular cells. Achieving a homogenous and stable 

dispersion in such an environment is often difficult and technically challenging. Particles in 

suspension can agglomerate/aggregate, dissolve or sediment depending on their own physico-

chemical properties, and that of their dispersion environments. To a certain extent, the laws that 

govern colloidal chemistry can be applied to ENMs in suspension. Accordingly, the tendency of 

particles in suspension to aggregate or remain in single particle form in solution is governed by 

the balance between attractive (van der Waals) and repulsive (electrical double layer) forces. 

This is the basis of the classical DLVO (Derjaguin, Landau, Verwey, Overweek) theory 

describing the stability of colloids in suspension based on total/net interaction energy (sum of 

attractive and repulsive force) (Derjaguin and Landau 1941, Hunter 2001, Verwey and Overbeek 

1948). Taking into account the sum of attractive and repulsive forces, an energy barrier is 

created. The magnitude of this energy barrier depends on the surface potential of the particles 

and on the ionic strength of the surrounding environment.  

The high salt content in culture media used (ranging from 116.359 mM to 136.98 mM) can 

diminish electrostatic repulsion between individual particles and lead to attractive forces 

predominating, breakdown of the energy barrier, and particles coming together in agglomerates. 

This is in fact what we see in the case of most of the ENM suspensions used in our studies upon 

dispersion in culture medium and their instantaneous agglomeration. Using DLS we have 

analysed the hydrodynamic size of agglomerates in these suspensions and monitored their 

stability. Zeta potential can be used as a measure of dispersion stability32, however blackening 

of the electrodes and inaccurate measurements will result if the dispersing medium has a high 

salt concentration (high conductivity). In our studies evidence of large sized agglomerates have 

been witnessed that continue to increase over time, in some cases reaching hydrodynamic 

diameters of >3000 nm (ZnO NPs). 

In other cases, decreases in agglomerate size associated with the dissolution of metal ions from 

particles, as well as the transformation (deagglomeration) of particles in the medium 

environment were evidenced over time (CuNP, introductory paper 2). Therefore, particularly in 

the case of metal ENMs, one must also consider the solubility33 of such materials in culture 

medium. The kinetics of dissolution can be influenced by differences in culture medium and the 

cells culture incubation temperature (Li et al. 2015). Thus, due to culture medias high ionic 

strength, and metal ENMs susceptibility to dissolution, rapid agglomeration of ENMs and an 

unstable dispersion was to be expected in most cases, and actually observed in most of the 

experiments carried out within the studies presented in this thesis. 

An important property which will be influenced by such unstable dispersions is dose. The 

preparation of working suspensions from a heterogeneous unstable stock suspension will lead to 

the administration of inaccurate doses based on mass concentration. In the introductory paper 1 

losses of, in some cases over 50% of mass concentration dose were seen when preparing working 

                                                           
32 If the absolute value of the zeta potential is high, there will be high repulsive forces between particles and electrostatic stability, with low 

agglomeration of particles. However at lower zeta potential values the repulsive forces will be reduced, electrostatic stability will be low and 

particles will have a tendency to agglomerate. 
33 Maximum mass of a nanomaterial that is soluble in a given volume of a particular solvent under specified conditions) (ISO 7579). 



166 
 

suspensions from stock suspensions, due to the rapid sedimentation of large ZnO particle 

aggregates. Similar losses (between 23% to 55%) from nominal weighed stock suspensions were 

also witnessed in the case of the CuNPs test preparations in introductory paper 2. In this case 

the tendency for the particles to adhere to laboratory plastics (microfuge tubes) may have also 

had an influence. Technical issues such as these involved in dispersion preparation make it very 

difficult to achieve reproducible concentrations for exposures. Also the use of nominal 

concentrations in this case would underestimate toxic potencies. To overcome such difficulties 

we have used ICP-MS to measure “real” administered concentration and used these measured 

concentrations when calculating dose–response curves and effective concentrations (e.g., IC50 

values). Thus analytical measurement of exposure concentrations, especially for ENM 

suspensions that are difficult to disperse, are essential to correctly and accurately determine 

toxicity.  

There is also a need to consider the interaction of NPs with the various components in the culture 

medium when performing cytotoxicity studies. In research paper 2, the cysteine and methionine 

content of Leibovitz's L-15 medium affected AgNPs dispersion and ultimately the cytotoxic 

response observed. The presence of large AgNP agglomerates (254 nm in hydrodynamic 

diameter) together with visible precipitates, and a reduction in cytotoxicity suggest the formation 

of Ag complexes with Cl- or bound to cysteine and/or methionine, reducing Ag bioavailability 

(Behra et al. 2013). Also in the case of ZnO suspensions we have measured particles in 

supernatants (assumed to only contain dissolved ions) which may suggest reprecipitation of ZnO 

NPs from Zn2+ in the medium environment (introductory paper 1). The lack of high levels of 

cytotoxicity expected if Zn was present in its free ionic form suggests decreased bioavailability 

in the culture medium and the possible formation of zinc hydrocarbonate (hydrozincite) or zinc 

phosphate hydrate (hopeite) (Turney et al. 2012). Both these examples highlight how differences 

in the dispersion state can lead to cells being exposed to different ENM forms, affecting 

bioavailability, and consequently cytotoxicity.  

Different methods can be used to achieve a more homogenous dispersion and avoid the formation 

of agglomerates of NPs in physiological solutions. Chemical dispersants such as surfactants can 

be employed to increase the electrostatic repulsive forces. For example in research paper 4, 

AgNPs were dispersed in 4% polyoxyethylene glycerol trioleate (PGT) and 4% polyoxyethylene 

sorbitan monolaurate (Tween 20). Both PGT and Tween 20 are non-ionic surfactants that act as 

emulsifiers. The use of such agents aided suspension stability under certain culture medium 

conditions (not all). 

Biological culture medium is often supplemented with fetal bovine serum (FBS) to enhance cell 

growth. The presence of FBS also confers increased stability upon the particles due to the 

abundance of proteins, including albumin, which can absorb to the surface of particles creating 

a stabilisation effect (Murdock et al. 2008). This stabilisation affect has been witnessed when 

comparing dispersions of AuNPs in medium with and without FBS (10% FBS) in research paper 

4. However protein binding has been shown to affect the bioavailability of chemicals and thus 

may influence the relative potencies of ENMs when incorporated in an in vitro system (Seibert 

et al. 2002). This has divided opinions within the scientific community and whether to 

incorporate FBS in ENM cytotoxicity test systems or not is under debate.  
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Using a different mechanism, ENMs can be stabilised through high affinity covalent bonding. In 

research paper 4 AuNPs were capped with different peptide biphenyl hybrid (PBH) ligands as 

stabilizers. These PBHs contain two peptide fragments composed of different combinations of 

amino acids (glycine (Gly), cysteine (Cys), tyrosine (Tyr), tryptophan (Trp), and methionine 

(Met)) with a biphenyl scaffold conferring specific conformation. Conjugation of peptides to the 

gold surface of AuNPs through covalent bonding with either a thiol, amine or carboxylate 

functional group is easily achieved and thus is routinely used following AuNP synthesis to create 

stable suspensions. Interestingly, differences in the specific structure of the PBH capping agents 

used in this study led to distinct associations between individual AuNPs in the culture medium. 

In particular TrCys (Trityl-Cysteine) residues and the steric bulk of PBH (Gly-Tyr-TrCys)2B 

were responsible for the remarkable stability of Au[(Gly-Tyr-TrCys)2B] agglomerates in culture 

medium. As discussed in the corresponding article, the stability of these AuNPs in biological 

media, together with their ability to enter cells, open up expectations for their potential 

applicability in drug delivery systems. 

Mechanically large agglomerates can be broken up by high shear forces created by 

ultrasonication (Sato et al. 2008), or simply by mixing or vortexing. In the introductory papers 

2 and 3, CuNP suspensions were subjected to water bath sonication to improve dispersion. 

Sonication creates ultrasonic cavitation that is very effective in breaking the van der Waals forces 

holding agglomerates together. However its efficiency will depend on energy input (which is 

dependent on time and power/amplitude) (Hielscher 2005) and it may only be a temporary 

solution, since when the energy input is stopped the smaller particles generated may re-

agglomerate into larger ones and precipitate. Publication titles “shaken not stable” have eluded 

to this limitation (Edri and Regev 2009). There are also other disadvantages associated with the 

use of such mechanical methods. For example particularly high input energies can lead to re-

agglomeration (Kusters et al. 1993) and could theoretically fracture individual particle or change 

existing surface modifications (OECD 2012a).  

Taking all this into account, careful consideration needs to be made regarding the choice of 

dispersion method. Also the relevance of exposing cells to well-dispersed suspensions that do 

not occur in “real life scenarios” might also be questioned. In favour of a more representative 

situation to the environmental one, none of these dispersion techniques were applied to ZnO NP 

exposure suspensions in the introductory paper 1. Instead ZnO NP powders were suspended in 

serum free-culture medium and simple vortexing was used to disperse the suspensions. 

Therefore, it is evident from the studies presented that the choice of dispersion technique, 

whether to use chemical or mechanical means, or to incorporate additional techniques to improve 

dispersion at all, is at the tester’s discretion (currently in absence of established standardised 

dispersion protocols). This makes it increasingly difficult to make comparisons among studies 

and to corroborate results that will ultimately aid in validating in vitro methods. In a continuous 

effort to standardize testing, the scientific community has introduced the use of representative 

ENMs (e.g. NM-300K) and some dispersion protocols (ENPRA 2010, Jensen et al. 2011). For 

now, when using in vitro cell culture systems, techniques such as ICP-MS should be incorporated 

in order to ensure accurate tested concentrations, and a thorough characterisation of ENM 

dissolution kinetics and behaviours in different environments made to improve our 

understanding of particokinetics in in vitro cell culture test systems.  
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8.4 Cell line sensitivity variations: differences between mammalian and fish cell lines 

In the introductory papers 1 and 2 we have performed comparative cytotoxicity studies with a 

range of different sized ZnO and CuNPs in fish and mammalian liver cell lines. We have included 

both mammalian (HepG2, H4IIE) and fish liver cell lines (PLHC-1, RTH-149) to assess if they 

show differences in their sensitivity/susceptibility to toxic effects of such ENMs or if in fact 

these ENMs exhibit differences in their mechanisms of action at the cellular level across species. 

Such an approach provides valuable information to assess the hazard posed by nanomaterials 

across diverse taxa and if the risk of ENMs can be extrapolated across species34. While many 

factors need to be considered for such extrapolations35, comparing susceptibilities at the cellular 

level of particular organ systems and identifying particular mechanisms of toxicity will aid in 

determining levels of uncertainty.  

Interestingly, results have revealed that for both ZnO and CuNP exposures mammalian liver cell 

lines are more sensitive to toxic effects compared to piscine liver cell lines. Higher NOEC values 

in the fish cell line, PLHC-1 compared to HepG2 following exposure to Zn2+ supernatants 

revealed higher tolerances of this fish cell line to higher concentrations of Zn ions. Similarly, 

results reveal a clear difference in tolerance to Cu2+ between the mammalian and fish cell lines 

used in this study following exposure to CuNO3 (IC50 values ranged between 40- 60 µg/mL for 

HepG2 and H4IIE vs 100-120 µg/mL for PLHC-1 and RTH-149). This could suggest that 

differences in tolerances to metal ions (either released from NPs in the medium environment or 

intracellularly) may be a key factor in determining differences in sensitivity of cell lines towards 

NPs. Using zebrafish embryos and mammalian cell lines George and colleagues (George et al. 

2011) have also shown different sensitivities in the case of AgNPs, pointing to the role of the 

ions  in the case of metal NPs where the ion released from particles as well as the particles 

themselves can contribute to toxicity. 

To understand why these differences in susceptibility exist one needs to consider the 

environments both taxa inhabit. Fish have evolved to adapt to more variable environments 

occupying aquatic environment with often diverse salinities, ion compositions and pH values 

and therefore it is plausible to assume that they may have increased response capacity. The fish 

cell membrane has a higher phospholipid content compared to mammalian cells with highly 

polyunsaturated fatty acids giving these cells higher flexibility and lower intrinsic permeability 

to ions.  

Ion regulation itself involves highly evolved uptake, storage, and secretion processes. In all cells 

ion transport systems are responsible for regulating ionic concentrations across the cell 

membrane. While ion uptake enzymes are often conserved in amino acid sequence across species 

their distribution and concentration in cells are often not conserved. Also species may have 

distinct metal ion storage systems and distribution patterns. For instance, on a cellular level 

                                                           
34 According to a recent report (Celander et al. 2011) “eventually, predictive models will be developed to extrapolate across species”, although 

they also recognise that “substantial research is still required”. 
35 Particularly with regard to ENMs different species may have distinct protein repertoires and longer/shorter circulation times that both will 

influence the protein coronas formed (Sahneh et al. 2015). Toxicokinetic studies will play a major role in comparing the extent of translocation 
to different organ systems and tissue burden in different species. 
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metallothionein (MT)36 content and functioning has been shown to be different between fish and 

mammals. Structural differences in the distribution of surface charges and arrangement of amino 

acids in fish and mammalian MT have been evidenced (Bargelloni et al. 1999, Scudiero et al. 

1997, 2005). This can have a direct influence on the kinetics of ion exchange and increase 

binding flexibility. For example a shift in the C-terminal Cys of MT from the antarctic fish 

Notothenia coriiceps showed better metal exchange capability with respect to mouse MT 

(D'Auria et al. 2001). Also in the case of fish it appears that MT shows different thermostability, 

as well as different metal affinity, and different redox properties with respect to mammalian MTs 

(Isani and Carpenè 2014).  

Therefore, and although not studied in this work, difference in metallothionein functioning 

between mammalian and fish cells may explain differences in ion susceptibility. In fact copper-

resistant hepatoma cell lines are characterized by their high levels of MT expression (Capasso et 

al. 2003). 

However results also reveal that despite fish cell lines showing increased resistance to metal ions 

they were equally as sensitive as mammalian cell lines to NP preparations with low dissolution 

(CuNP 78) (research paper 1). Similar NOEC values, when taking into consideration particle 

suspension exposures, also prove this is the case for ZnO NPs (introductory paper 1). Also if we 

take into consideration particle forms, trends can even change suggesting that piscine cell lines 

may be even more vulnerable to particle effects. Therefore while the extent of toxicity and 

species sensitivity was influenced by the contribution of metal ions, toxicity was also dictated 

by distinct material effects. 

It appears also that there could be differences in the mechanisms of toxic action of NPs depending 

on the origin of the cell lines. In the case of ZnO NPs, there is a stronger loss in mitochondrial 

activity in the mammalian HepG2 cell line compared to the PLHC-1 cell lines.  This could relate 

to the contribution of intracellular dissolution in this mammalian cell line (according to the 

proposed Trojan horse type mechanism of action) which appears to be a more ion sensitive cell 

line. The extent to which intracellular dissolution contributes to toxicity presently cannot be 

quantitatively determined due to limitations in analytical techniques although this will be 

discussed further in section 8.5.1). Similarly, ZnO NPs generate detectable ROS levels only in 

the PLHC-1 cell line. This could be explained by differences in oxidative coping mechanisms. 

Differences in natural antioxidant levels of glutathione have been shown to be responsible for 

differences in sensitivity with cell lines with lower levels having increased sensitivity to metal 

ENMs, such as for example Ag ENMs (Mukherjee et al. 2012). In accordance with our results, 

Rau et al. (2004) has also observed that the PLHC-1 cell line was more susceptible to oxidative 

stress upon exposure to model pro-oxidants compared to the H4IIE rat hepatoma cell line. With 

regard to CuNPs, the RTH-149 cell line is markedly less susceptible to CuNPs particle fractions 

than mammalian cell lines, but also than the PLHC-1 fish cell line. This difference is likely not 

related to specific physico-chemical behaviour in RTH-149 culture medium or culture conditions 

as no differences in size distribution or dissolution were evidenced. The reduced susceptibility 

of RTH-149 cells could be related with reduced cellular uptake and the slower metabolism 

expected for this cell line cultured at lower temperatures. Interestingly in research paper 2 the 

                                                           
36 Metallothioneins are low-molecular weight, cysteine-rich proteins provided with high metal binding capacity. 
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RTH-149 cell line showed comparable sensitivity to AgNP insult compared to other cell lines. 

Therefore such increased resistance is specific for CuNP exposure and its presentation to the 

cells. A study has shown minimal metalothionein RNA upregulation by copper compared to 

those induced by Zn and cadmium in RTH-149 cells (Vergani et al. 2009) what could also 

contribute to the low sensitivity of these cells towards CuNP toxicity. Therefore it appears that 

differences in sensitivity is not only influenced by species of origin but the specific cell line used.  

To test the sensitivity of liver cell lines in general as test systems in research paper 2 primary 

liver cells were included and responses to AgNPs were compared with comparable responses 

across different fish liver cell lines being evidenced.  

 

8.5 Mechanistic understanding 

As well as serving as in vitro alternative test systems for ENM hazard assessment, the liver cell 

lines used in the presented studies provide a valuable platform to investigate the possible 

mechanisms underlying cytotoxic responses. Cytotoxicity has been assessed using multiple 

biochemical based assays, each designed to measure perturbation of specific cellular 

functionality or organelle targeted cytotoxicity. Cells were grown and assays were applied in a 

high throughput 96-well plate format facilitating a fast and robust cytotoxicity screening. Any 

differences in the assays sensitivity according to targeted organelle eluded to underlying 

mechanism of cytotoxicity for the ENMs under investigation. 

Understanding the underlying mechanisms of cytotoxicity is becoming increasingly important 

in an era that is moving away from descriptive approaches, which sought to merely identify 

adverse effects, towards developing a predictive mechanistic based toxicology framework. 

Identifying pathways of toxicity at the cellular level is seen as a progressive means to understand 

and explain observed adverse effects. A pathway of toxicity has been defined as a cellular 

response pathway that would result in an adverse health effect when sufficiently perturbed (NRC 

2007). Such a concept has been developed further to include the point at which a chemical-

biological interaction initiates the perturbation of a normal cellular pathway (molecular initiating 

event, MIE) and the sequence of key cellular and biochemical events (KEs), resulting in adverse 

health effects. These concepts cumulate into the development of Adverse Outcome Pathways 

(AOP) for particular effects, that once identified can be tested for using in vitro tests systems 

including those based on cell lines. Once an association between a chemical and a particular 

AOP is made, identifying the molecular initiating event can serve to develop alerts and create 

chemical categories that can be used to predict toxicity and thus move toxicology in the direction 

of a predictive science.  

The application of such an AOP framework in testing and hazard assessment is only now being 

realised (AOP for skin sensitisation, OECD 2012b) and whether such a framework can be applied 

to ENMs remains to be seen. ENMs are a unique set of materials often each with unique and 

distinct biological interactions. As well as their chemical composition both intrinsic and extrinsic 

properties can contribute to specific biological outcomes. On a molecular level ENMs can 

interact with biological macromolecules which are often in the same size range (e.g. lipids, 

proteins and nucleic acids) and interfere with their native functioning.  This is what makes it 
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extremely difficult to identify a common mode of action for these class of materials. Some 

proposed molecular initiating events involve direct or indirect ROS formation, physical 

disruption of cellular membranes, as well as specific organelle targeted events such as the 

destabilisation of lysosomes and mitochondrial dysfunction. The assays performed throughout 

the various studies presented in this thesis were selected in order to investigate each of these sites 

and try to pinpoint molecular mechanisms underlying the cytotoxicity of the group of metal 

ENMs under investigation. 

We have focused heavily on ROS elicitation, and the extent to which oxidative stress plays a 

role in these metal ENMs pathways of toxicity. Also due to the uncertainty surrounding the 

contribution of particle solubility and dissolved ions to ENMs, studies investigating mechanisms 

of cytotoxicity were performed to provide some insights and will be discussed. 

 

8.5.1 Role of dissolved ion 

We have evidenced from comparing responses to exposures with only released ion fractions, that 

particle forms presented to cells play a key role, independent of extracellularly released ions, in 

eliciting toxic effects (NP-specific effects have been discussed for each ENM tested in section 

8.2). Significantly sharper dose responses following particle suspension exposures suggest that, 

both in the case of ZnO NPs and CuNPs, particles being present confer a higher toxic potential. 

NP-specific ROS elicitation from particle suspensions, not seen following exposures to released 

ions, as well as evidence of uptake of ZnO NPs and CuNPs and their association with 

intracellular organelles all point to unique biological interactions between cells and these metal 

ENMs.  

However if metal NP cytotoxicity is mechanistically unique compared to metals in ionic form 

has yet to be clarified. NPs may just be acting as vehicles for large quantities of metal ions in a 

Trojan-horse type mechanism first proposed by Limbach, which involves NP uptake and 

subsequent internal ion release (Limbach et al. 2007). Studies since then have extended the 

concept further with a proposed lysosome-enhanced Trojan-horse type effect (referred to as 

LETH mechanism) pinpointing the lysosome as a vulnerable site, due to metal NP susceptibility 

to dissolution in lysosomal acidic environments (pH 4.5) (Sabella et al. 2014). Techniques such 

as X-ray absorption near edge structure (XANES) analysis has been used by researchers to 

monitor intracellular ion release from Ag and ZnO NPs in different cell types corroborating such 

a mechanism of cytotoxicity for NPs. Results revealed that 14.2% of silver taken up into cells 

was oxidised to Ag after 12h incubation in CHO-K1 hamster ovary cells (Jiang et al. 2015) while 

there was complete dissolution of ZnO NPs intracellularly after 1 h in BEAS-2B human 

bronchial epithelium cells (Gilbert et al. 2012).  

In the introductory paper 1 we have employed both the MTT and NRU assays to focus 

specifically on adverse effects associated with a reduction in metabolic activity or lysosomal 

damage, respectively. We did not witness any increased sensitivity between the assays following 

ZnO NP exposure either in the HepG2 or PLHC-1 cell lines. However the increase in response 

according to the NRU assay when cells were exposed jointly to particle and ion fractions, 

compared to ion fractions only, may suggest that in the presence of particles the lysosome 
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susceptibility may play a greater role in cytotoxicity. In contrast, similar levels of reduced 

viability according to the MTT assay were seen following exposure to joint particle and ion 

exposure and ions only. 

Specifically in the case of AgNPs (NM300K) we have witnessed in general increased 

cytotoxicity in fish cell lines exposed to AgNO3 (source of Ag+) compared to AgNP suspensions. 

However for AgNP suspensions prepared in cysteine-rich and high chloride content L-15 

medium (Ag complex formation) specific lysosomal destabilisation effects became apparent 

with a reduction in IC50 values measured to the same level recorded following Ag+ exposure. 

This observation pinpoints the lysosome as an important target and perhaps implies a role for the 

Ag+ released intracellularly from AgNPs in the mechanism of cytotoxicity. 

Also in research paper 3 we discuss the possible role of ions released from ZnO NPs in the 

gastrointestinal tract of the rainbow trout and the form in which Zn accumulates in the liver, 

intestine and gills. On a cellular level a hypothetical mechanical toxicological pathway has been 

proposed involving ZnO dissolution to Zn2+ in endosomes and subsequent disruption of Zn2+ ion 

homeostasis (Kao et al. 2012).  

Overall it is difficult to determine the extent to which intracellular dissolution contributes to 

toxicity and the involvement of metal ions in ENMs mechanism of cytotoxicity presently is not 

clear. However there is strong evidence (discussed in section 8.2) to suggest unique and distinct 

toxic contributions from metal ions and metal ENMs. 

8.5.2 Toxicity at the subcellular level 

In the studies presented, through the use of an array of classical cytotoxicity assays (test battery) 

and their combination, we sought to provide important insights into potential subcellular targets 

and mechanisms of toxicity of the ENMs tested. Assays assessing the cells general overall 

metabolic status (either based on tetrazolium or resazurin reduction, MTT and AlamarBlue, 

respectively) were included in all studies as well as, in some cases, assays looking at specific 

organelle targeted effects (plasma membrane and lysosomal damage). The relative sensitivity of 

these assays was used as indicative of potential target sites of cytotoxicity of the ENMs tested. 

This is discussed specifically below.  

8.5.2.1 Plasma Membrane  

As the first point of contact following exposure to ENM dispersions in an in vitro cell culture 

system, the cells plasma membrane is an important site to focus on and investigate if damage 

occurs. The plasma membrane acts as a protective barrier to the cell. It is composed of two layers 

of phospholipids in a lipid bilayer structure (5 nm in thickness) that is impermeable to water-

soluble molecules, including ions and most biological molecules, while allowing smaller 

particles with no charge to pass (carbon dioxide and oxygen). Proteins embedded in the 

membrane regulate the exchange of substances into and out of the cell through passive (diffusion, 

carrier mediated) and active transport (endocytosis, exocytosis) (Cooper 2000). ENMs may enter 

into cells by any of these transport processes. However the properties that control specific uptake 
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routes have not been fully elucidated. It must also be taken into consideration that NP-membrane 

interaction may result in physical damage to membranes.   

The integrity of the plasma membrane following exposure to the ENMs in the presented studies 

was either measured according to the cells capability to retain lactate dehydrogenase (LDH 

assay) (ZnO NPs, introductory paper 1) or carboxyfluorescein (CFDA-AM assay) (AgNPs, 

research paper 2). In both cases these assays identify specific cytotoxic effects associated with 

membrane disruption, however in neither cases do we see increased sensitivity compared to the 

other cytotoxicity assays employed. This would point to plasma membrane disruption as a 

downstream consequence of global cytotoxicity and not the specific cause.  

TEM analysis of H4IIE liver cells exposed to sublethal concentrations of CuNPs show that 

aggregates of these CuNPs (with hydrodynamic diameters of ~1000 nm) interact with the 

membrane and are taken up by cells as a whole (research paper 1). The presence of these 

aggregates and their compartmentalisation in vesicles without any obvious observable membrane 

damage suggest an endocytotic uptake process. Interestingly, in the introductory paper 3 there 

was also evidence of CuNPs present free in the cytoplasm. In this study particle suspensions 

were prepared in serum-free medium and exposures were performed for 48 h. Again uptake was 

observed at non-cytotoxic concentrations without any evidence of plasma membrane damage. In 

the same study ZnO NPs appear to have been taken up by cells by non-endocytotic processes, 

with again no evidence of cytotoxicity associated with plasma membrane damage. It is only 

when both CuNPs and ZnO NPs are present intracellularly that we see cytotoxicity, but no 

indication of specific plasma membrane disruption. In fact the lysosomes are the most affected 

organelle (lysosome as target will be discussed in detail in the section below).  

In contrast to the lack of specific membrane disruption for the ZnO NPs, CuNPs and AgNPs 

tested, specific plasma membrane damage has been reported and proposed to play a key role in 

graphene nanoplatelets mechanism of cytotoxicity (Lammel et al. 2013). While specifically 

cationic polymeric nanomaterials such as organic dendrimers have been reported to create 

“holes” in the plasma membrane of cells (Hong et al. 2004). Such initiating events targeting 

membranes can lead to lipid peroxidation, loss in membrane flexibility, a drop in transmembrane 

potential, permeability to ions, and ultimately cell death.   

The transport of ENMs across cell membranes is an area of intensive research in the field of 

toxicology. Model cell membranes have been used to show that ENMs can permeabilise lipid 

bilayers (e.g. silica nanospheres (de Planque et al. 2011)) and that positively charged NPs are 

electrostatically attracted to membranes. However investigations must be performed to see if 

results will translate to what occurs under real conditions in the case of heterogenous and 

complex membranes. Particle aggregation and adsorption to proteins (from cell culture medium) 

under biological conditions can lead to an unknown effective diameter or a specific surface 

chemistry which will ultimately dictate specific interactions. For example, perhaps the presence 

or absence of serum is dictating specific CuNP uptake and processing pathways in introductory 

paper 3 and research paper 1, respectively. Once we begin to fully understand the factors that 

dictate specific interactions and uptake processes we can seek to design safer ENMs or 

circumvent effects by modifying surface chemistries.  
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In fact in the area of nanomedicine, the use of nanomaterials decorated with peptides (cell 

penetrating peptides) is seen as a promising drug delivery system especially for hydrophilic drugs 

showing low penetration. For example we have seen in research paper 4 the influence of a range 

of different peptides present on the surface of AuNPs on the behaviour of these NPs in the 

biological environment and cellular interaction. Once fully understood, it can be fully capitalised 

on. 

 

8.5.2.2 Lysosomes 

The presence of ENMs inside cells may lead to direct interaction between NPs and intracellular 

organelles. The relevance of NP-lysosome interaction lies in lysosomes role in the degradation 

of macromolecules delivered via the endocytotic and autophagic pathways. Endocytosis has been 

highlighted as a major cellular uptake pathway for many ENMs. Once taken up into intracellular 

vesicles, according to the endo/lysosomal pathway of processing (Huotari and Helenius 2011), 

fusion of vesicles with lysosome will take place and NP-lysosomal interaction is expected.  

Lysosomes themselves are described as single membrane-bound organelles present in the 

cytoplasm. As highlighted above, CuNPs appear to be internalised using endocytotic processes 

and later may be processed in late endocytotic vesicles interacting with what resembles 

lysosomes (dense and finely granular under TEM) (research paper 1). An assay to specifically 

assess lysosomal destabilisation based on the ability of lysosomes to retain neutral red dye (NRU 

assay) following ENM exposure was included in the study. While there was no evidence of 

lysosomal dysfunction as a specific target following exposure to CuNPs, interestingly in co-

incubation studies with sublethal concentrations of CuNPs and ZnO NPs, cells experienced a 

significant increase in cytotoxicity, most evidently according to the NRU assay. This suggests 

that lysosomes were targeted. Interestingly this specific targeting was only evidenced in 

mammalian cells and not seen in co-incubation studies using fish liver cells (Hernández-Moreno 

et al. 2016) (role of species specific cellular properties discussed in section 8.4). Within the 

lumen of lysosomes, NPs will be exposed to acidic pH together with a myriad of hydrolases, 

both of which may lead to dissolution of metal ions or breakdown of any protein coatings. For 

example lysosomal destabilisation as a result of dissolution of zinc ions from ZnO NPs has been 

proposed as a mechanism of toxicity for ZnO NPs (Cho et al. 2011), while the degradation of 

protective protein coating and physical disruption of lysosomes by polystyrene NPs leading to 

cytosolic release of lysosome content and apoptosis has also been reported (Wang et al. 2013). 

To pinpoint whether any or either of these processes was occurring in the co-incubation studies 

would need further investigations. However what is clear is that distinct mechanisms are 

operating for the particles exposed alone and when in co-incubation.  

Findings presented in research paper 2 may also point to the lysosome as a potential target of 

toxicity for AgNPs. Specifically in the case of AgNPs (NM300K) and Ag+ suspensions prepared 

in medium with a high cysteine and chloride content (L-15 medium), rainbow trout liver cells 

were protected somewhat against a loss in metabolic activity and membrane damage (possibly 

due to a passivation effect) (Loza et al. 2014). However, remarkably lower IC50 values were 

recorded according to the NRU assay.  This may suggest the uptake of Ag chloride nanoparticles 
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formed from precipitation of silver ions and subsequent liberation of Ag ions under acidic pH of 

lysosomes. Such targeting was specific only for AgNPs dispersed in L-15 medium. This 

highlights the important influence of medium composition on effects, which has also been 

highlighted by Yue and colleagues using cit-AgNP prepared in medium with varying ionic 

strength and chloride concentration by monitoring effects in rainbow trout gill cells (RTgill-W1 

cells line) (Yue et al. 2015).   

Together with the presented evidence for lysosomal targeting for CuNPs and ZnO NPs in co-

exposures and AgNP suspensions prepared in L-15 medium, lysosomes have recently been 

highlighted by other authors as critical organelles in ENM mediated cytotoxicity (Fröhlich et al. 

2012, Stern et al. 2012). A recent paper has shown the lysosome targeted cytotoxicity of AgNPs 

in the human alveolar basal epithelial A549 cell line using bafilomycin A1, the lysosomal 

acidification inhibitor (Miyayama and Matsuoka 2016). Subsequent events following lysosomal 

membrane destabilisation include an increase in lysosomal pH (acidity), swelling of 

compartments through accumulation of intracellular phospholipids, release of hydrolases, and 

ultimately the triggering of apoptotic cell death cascade (Boya et al. 2008).  

However to determine fully the lysosomes role and validate lysosomal destabilisation or 

lysosomal membrane permeabilisation (LMP) as a molecular initiating event more research is 

needed.  

 

8.5.2.3 Cellular metabolic status 

Cellular damage will inevitably result in loss of the ability of the cell to maintain and provide 

energy for metabolic cell function and growth. However toxicants can also alter cellular 

metabolism without causing cell death, therefore biomarkers of more general functions such as 

metabolic activity can be very sensitive systems. In fact in most cases in the studies presented 

(with the exception of the instances discussed above) the assays assessing metabolic status (MTT 

and AlamarBlue) proved even more sensitive than specific organelle targeted assays (e.g. NRU, 

LDH, CFDA-AM).  

Metabolic activity was monitored by the cells ability to reduce MTT or resazurin depending on 

the study presented. In the introductory paper 1 the MTT assay gave the highest sensitivity in 

both cell lines following exposure to ZnO NPs. This assay measures the activity of mitochondrial 

dehydrogenases, which play a fundamental role in the mitochondrial electron transport chain that 

provides energy for the cell (Berridge and Tan 1993). Mitochondria themselves are scattered 

throughout the cytoplasm and their number is dictated by specific cell type and energy 

requirements. Cells in the liver have particularly high energy requirements and therefore possess 

large numbers of mitochondria (1000–2000 per cell and one-fifth of the cell volume) (Alberts et 

al. 2002). Therefore, once internalised and present free in the cytoplasm in liver cells, there is a 

high likelihood of NP-mitochondria interaction. However the mitochondria is protected by a 

double membrane system; an outer membrane that restricts access to nuclear-encoded proteins 

through a complex set of import receptors and proteins (mitochondrial protein translocase, MPT 

family) and an inner membrane impermeable to all molecules except O2, CO2, and H2O (Cooper 
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2000b). The exact interactions of ENMs with these organelles or how they affect their function 

has yet to be elucidated. 

For ZnO NPs a putative mechanism of cytotoxicity has emerged in which authors have shown 

that ZnO NPs when in direct contact with mitochondria have the ability to increase the inner 

membrane permeability and disturb the mitochondrial respiratory chain leading to oxidative 

stress, release of cytochrome c, induction of caspases and apoptotic cell death (Li et al. 2012). 

From TEM analysis ZnO NPs are present free in the cytoplasm and thus such a mechanism may 

be plausible. Such a pathway may also be specific for ZnO NPs since no obvious drop in 

membrane potential following exposure to TiO2 NPs was observed in mammalian hepatocytes 

(Filippi et al. 2015). 

Also an alternative toxicity pathway for ZnO NPs has been proposed involving Zn2+ release from 

ZnO NPs in endosomes and an increase in cytosolic Zn2+ leading to a collapse in the 

mitochondrial membrane potential (Kao et al. 2012). Zn2+ has also previously been shown to 

strongly inhibit ATP synthesis by inhibiting both the mitochondrial electron transport chain and 

the Krebs cycle (for a review of the effects of Zn2+ on energy metabolism, see Dineley et al. 

2003). In our study, the fact that IC50 values following 24 h exposure to all ZnO NP suspensions 

could only be determined for mammalian cells (cells showing increased susceptibility to ions) 

also suggest Zn2+ mediated mitochondrial dysfunction. 

The AlamarBlue assay (employed to screen for loss in general metabolic activity37) also proved 

the most sensitive in detecting a reduction in viability following exposure to the silver ion 

(AgNO3) in primary liver cells. However there was no indication of increased sensitivity 

following exposure to AgNPs. Therefore loss in metabolic activity may prove as a sensitive 

biomarker of effects of Ag+ however its role in AgNPs mechanism of cytotoxicity is not as clear.  

Studies are emerging in which isolated liver mitochondria are being used to study the effects of 

NP-mitochondria interaction showing ENMs ability to cause mitochondrial inner membrane 

permeability and impairment of mitochondrial energetics (Teodoro et al. 2011). In future such 

systems may provide more specific information on how NPs interact with mitochondria and 

affect their function, while in our studies using liver cells both the MTT and AlamarBlue assays 

proved their relevance and sensitivity as part of a cytotoxicity screening strategy for ENM hazard 

assessment.  

 

8.5.3 Role of oxidative stress 

Oxidative stress is a cellular state that results from a redox imbalance between the generation of 

reactive oxygen species (ROS) and the compensatory response from the cells endogenous 

antioxidant network. For a wide range of ENMs (including the metal and metal oxide group of 

ENMs under investigation) ROS-associated perturbation and oxidative stress-mediated toxicity 

has been reported.  

                                                           
37 AlamarBlue can be reduced by a range of enzymes NADPH, FADH, FMNH, NADH as well as the cytochromes (Ahmed 1994). 
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In fact there is a proposed oxidative stress pathway of toxicity for ENMs represented in a 3 tier 

hierarchical model first proposed by Li and colleagues in 2003 as a paradigm to explain the role 

of oxidative stress in particulate matter-induced adverse health effects (Li et al. 2003). Such tiers 

are the following: Tier 1, increased ROS leading to activation of anti-oxidant defence; Tier 2, 

redox imbalance leading to pro-inflammatory effects; Tier 3, anti-oxidant defence systems 

overwhelmed and high ROS levels lead to mitochondrial dysfunction and cell death by apoptosis 

cytotoxicity (Xia et al. 2006). 

However if oxidative stress is a universal mechanism to explain NP-induced cytotoxicity has 

been questioned, as examples of non-oxidative stress-mediated cellular damage resulting from 

direct physical interference of NPs with cellular structures are emerging (Shvedova et al. 2012). 

A challenging question, but one of paramount importance, is if oxidative stress is merely a 

secondary effect associated with cell death (consequence) or if ROS increase is a key event (or 

molecular initiating event) in ENMs mechanism of toxicity leading to redox imbalance and 

activation of events within the proposed oxidative stress pathway of toxicity that once perturbed 

leads to an adverse outcome (cytotoxicity (cellular level)/oxidant injury (organismal level)) (as 

defined by the “pathway of toxicity”). If such an association was established it would provide a 

valuable mechanistic paradigm that could be used in ENMs hazard assessment and regulatory 

decision making.  

There is already a putative AOP for an ENM-induced adverse liver outcome (Gerloff et al. 2015) 

and the OECD have recently launched an AOP development programme workplan. The idea is 

that in vitro test systems such as cell lines can be used to investigate the various proposed key 

events along such an AOP to validate proposed pathways of toxicity. Focusing specifically on 

the proposed oxidative stress pathway of cytotoxicity for ENMs in liver cells, the DCFH-DA 

probe was used in the studies presented here to quantify levels of intracellular ROS following 

ENM exposure. For the array of ZnO NPs and bulk forms, increased intracellular ROS levels 

were only seen in PLHC-1 cells at the highest concentrations tested (≥40 µg/mL) and did not 

correlate with cytotoxic effects seen already at much lower concentrations. Levels of ROS were 

also quantified following exposure to CuNPs, in this case there was an evident dose dependent 

elevation in levels of ROS, correlating with concentrations at which cytotoxic effects were 

evidenced using the AlamarBlue assay. Also interesting to point out is that a much higher 

increase in ROS levels were seen in mammalian cells, correlating to their increased susceptible 

to the cytotoxic effects of CuNPs. This points to the likelihood that ZnO and CuNPs are acting 

through different mechanisms of cytotoxicity and in fact there probably exists a high degree of 

variability in the mechanisms among the wide range of ENMs that exist even within groupings.  

The underlying mechanism of ROS generation may involve possible oxidative properties of the 

ENMs themselves upon photoactivation (e.g. ZnO NPs and TiO2 NPs) which has been 

capitalised upon on in their application as antimicrobials. Metal and metal oxide ENM 

dissolution can lead to the release of transition metals that can produce ROS as a general pathway 

of toxicity through Fenton or Fenton-like reactions (Stohs and Bagchi 1995). At the same time, 

high levels of intracellular ROS can be caused by interaction of ENMs with cellular components 

and disruption of endogenous stores (Sailini et al. 2016). For example the cells mitochondria acts 

as a major store of ROS. Therefore elevation in ROS could be a downstream consequence of 
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mitochondrial disruption. However, the elevation of ROS can also be the cause of mitochondrial 

disruption. Therefore it is interesting to investigate if an increase in intracellular ROS is the cause 

or consequence of cellular damage that leads to cytotoxicity. Oxidative stress is associated with 

many types of cell death (apoptosis, necrosis, autophagy) (Ryter et al. 2007) however if ROS 

increase could be linked to a molecular initiating event following ENM exposure, this would 

provide a valuable mechanistic paradigm to follow for ENMs toxicity assessment. 

In research paper 1 we have investigated further the role of ROS in CuNPs mechanism of 

cytotoxicity using only the mammalian H4IIE cell line, which proved the most susceptibility to 

CuNP toxicity and showed the highest ROS induction. We employed two CuNP preparations, 

one with a high dissolution and one with a low dissolution, to infer the toxic contribution of ion 

vs NP both in cytotoxicity and ROS generation. Results revealed that ROS elicitation was NP-

specific. However, we also focused on the proposed oxidative stress pathway of toxicity and 

delved deeper to analyse if in fact the high levels of ROS lead to redox disequilibrium. The ratio 

of reduced to oxidised glutathione (colorimetric DTNB enzymatic recycling assay) in cells was 

measured as an important indication of cellular redox status. Results revealed a dose dependent 

reduction in GSH/GSSG ratios indicating high levels of GSSG (oxidised glutathione), a redox 

imbalance, and cells under oxidative stress.  

To monitor to what extent oxidative stress dictates CuNP toxicity, a co-incubation strategy 

targeting specific pathways was used. Cells were simultaneously exposed to CuNPs and beta-

naphthoflavone (BNF) to activate the aryl hydrocarbon receptor (AhR) signalling pathway and 

its associated gene battery of antioxidants. We hypothesised that through simultaneous activation 

of the AhR signalling pathway, and its gene battery, by BNF the anti-oxidative response would 

be upregulated and may bring the cells redox status back into equilibrium following CuNP insult. 

Strikingly when the cells redox status was brought into equilibrium there was evidence of a non-

oxidative stress-mediated loss in cell viability. Similarly, Fahmy and Cormier (2009) have 

reported that while resveratrol protected human laryngeal epithelial cells (HEp-2 cell line) 

against oxidative insult, it afforded only partial protection from the cytotoxicity associated with 

CuO exposure. Results from the studies presented, as well as those reported in the literature 

suggest that ROS elicitation and oxidative stress while associated with CuNP exposure does not 

appear to be an initiating event or key event in CuNPs cytotoxicity in H4IIE liver cells. Instead 

transmission electron micrographs suggest a major role of organelle disruption (e.g. lysosomes) 

(discussed in section above). Similarly, and while not directly investigated in these studies Park 

and colleagues have suggested that the generation of ROS was a secondary effect of AgNP 

exposure rather that the primary cause of cytotoxicity (Park et al. 2011). Therefore one must be 

careful in using oxidative stress as a pathway of toxicity and recognise that other possible modes 

of action may exist. 

Other authors have used different approaches to test the oxidative stress pathway of toxicity. For 

example, authors have used overexpression of microsomal glutathione transferase 1 (MGST1), 

which contributes to the reduction of oxidative stress, to protect against nanomaterial-induced 

cytotoxicity. However, while protection was evidenced against SiO2 NPs, the overexpression did 

not protect cells against ZnO-induced cytotoxic effects (Shi et al. 2012). This would imply 

distinct mechanism of cytotoxicity for ENMs and in the case of ZnO NPs suggest perhaps an 
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oxidative stress independent mechanism of cytotoxicity. The use of N-acetylcysteine, a thiol 

compound that can act as a cysteine source for the repletion of intracellular GSH and can act as 

a direct scavenger of ROS, is often used to study the consequences of maintaining redox balance. 

Sulforaphane, a glucosinolate-derived isothiocyanate (ITCs) from cruciferous vegetables, has 

also been used as a potent inducers of phase II antioxidant/detoxification enzymes. It has 

afforded the protection against CdSe QD-induced cytotoxicity in human hepatocytes and the 

livers of mice with the mechanisms of protection being reported mainly via modulation of 

cellular GSH levels through activation of Nrf2-ARE pathways (Wang et al. 2015). Protection 

from such compounds have also been witnessed for CuO NPs in fibroblasts (Aktar et al. 2012).  

From the studies presented it is likely that there is a high degree in variability in the mechanisms 

of cytotoxicity, dictated by distinct properties and cell types. Evidence from studies would 

suggest that in the case of CuNPs an increase in ROS levels and oxidative stress, while associated 

with CuNP cytotoxicity, may be more of a consequence than a cause. However more research is 

needed to determine the exact mechanism of cytotoxicity.  

It appears that a link can be made between the ROS elicitation seen specifically in fish cells 

(introductory paper 1) to the biochemical disturbances associated with oxidative stress in ZnO 

NP in vivo exposure studies using rainbow trout (research paper 3). However such a link does 

not translate to a pathological outcome.  No overt signs of toxicity were witnessed following a 

14 day ZnO NP exposure period in rainbow trout despite a significant decrease in GSH/GSSG 

ratios pointing to a loss in redox balance in the liver and gills and possible targeting of oxidative 

stress pathway of toxicity. Instead it appears that the level of biochemical disturbance (decrease 

in GSH/GSSG ratios) which may have been associated with oxidative stress did not exceed the 

capability of the fish’s endogenous antioxidant/physiological environment to respond. Therefore 

an organism’s adaptive capability must be considered.  

In the future, using cell lines together with systems biology approaches (genomics, proteomics 

and metabolomics) may be very useful in elucidating further the exact cellular and molecular 

pathways of toxicity for metal and metal oxide ENMs and in validating such pathways of toxicity 

as oxidative stress as a metric to predict their hazard. 

 

8.6 The value and relevance of liver cell lines as experimental models/test systems for 

nanomaterial hazard assessment. 

The liver as a relevant organ for investigating the hazard associated with metal ENM exposure 

has been introduced in section 1.4.1. Following entry into the blood/systemic circulation (either 

through translocation from the lungs, GI tract, skin or direct intravenous administration) ENMs 

have the potential to be distributed to multiple organs. However, the liver has been identified as 

one of the main sites of ENMs accumulation. In fact ENMs rapid clearance from circulation by 

the liver, as well as the spleen (mononuclear phagocyte system), is seen as one of the biggest 

limitations for the use of ENMs in drug delivery systems seeking to target different organ types 

(Petros et al. 2010). Also specifically in the case of metal ENMs, different physiological 

environments can lead to not only the potential translocation of ENMs to the liver but the 

dissolution of metal ENMs and absorption of metal ions into circulation (in fact most studies do 
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not distinguish whether the metal is distributed in particulate form or as metal ions). Therefore 

ENMs can also act as vehicles of high concentrations of metal ions that can subsequently be 

distributed to the liver. This knowledge, together with pioneering studies reporting adverse 

effects associated with metal ENM distribution and the lack of elimination (bioaccumulation) in 

the liver (Chen et al. 2006) as well as damage to liver cells (Hussain et al. 2005), formed the 

scientific rationale for studies in this thesis investigating the hazards associated with metal ENM 

exposure to liver cells.  

Available liver cell lines were chosen as appropriate in vitro test systems to investigate potential 

hepatotoxicity. In vitro test systems such as cell lines may serve as an important component in 

an integrated testing strategy (ITS) for hazard assessment. An ITS refers to “a tiered approach 

by which chemicals are tested using the chemical properties, quantitative structure activity 

relationships (QSARS), in vitro tests and other computational models like physiologically based 

pharmacokinetic (PBPK) and pharmacodynamics modelling”. Using such a strategy enables 

potential hazards to first be identified by alternative approaches, such as in vitro test systems, 

and then together such information can be used to appropriately design in vivo studies. This is 

also the scientific rationale for the use of in vitro cell culture in the studies performed in this 

thesis. Ultimately such an ITS will facilitate a predictive toxicological platform and reduce the 

amount of animal testing (Hartung et al. 2011, 2013). Recently this vision has been reiterated in 

the area of nanomaterial science by Nel and colleagues in their publication entitled 

“Nanomaterial toxicity testing in the 21st century: use of a predictive toxicological approach and 

high-throughput screening” (Nel et al. 2013). This proposed strategy is also consistent with the 

2007 report from the US National Academy of Sciences, “Toxicity Testing in the 21st Century: 

A Vision and a Strategy”, which recommends the use of in vitro methods involving human cells 

and cell lines for mechanistic pathway-based toxicity studies (Gibb 2008). 

Research presented in this thesis used in total 6 different liver cell lines from both mammalian, 

including humans, and piscine species. Using cell lines from different species facilitated cross 

species comparisons and allowed evidencing important differences in sensitivities to 

nanomaterials (introductour papers 1 and 2). Also the high throughput nature and economic 

feasibility allowed testing of 4 different types of metal ENMs (ZnO, Cu, Ag, Au) with a range 

of different sizes (ZnO NPs, Cu NPs) and an array of different capping agents (Au NPs). Such 

test systems have provided a testing platform to obtain valuable information on the potential 

hazards of these particular ENMs and to rank the ENMs in hazard potential (section 8.1). They 

also provided a controlled environment in which to compare responses to NPs vs ions and thus 

identify if nanoparticle-specific effects exist (discussed in section 8.2). Multiple biochemical 

based assay systems based on fluorometric readouts were applied to monitor perturbations of 

specific cellular processes (e.g. oxidative stress) and to try and identify specific organelles that 

may be involved in the mechanism of cytotoxicity (e.g. lysosome as target site for AgNPs 

(research paper 2)). The robustness of the in vitro cell culture test system was also increased by 

incorporating multiple assay systems to the same set of cells. For example, a 3 in 1 cytotoxicity 

assay has been incorporated successfully monitoring disturbances in the plasma membrane, on 

lysosome functioning and on cellular metabolism (research paper 2). We have also applied cell 

lines for co-exposure studies to monitor how cells deal/cope with insults from multiple ENMs 

(CuNPs and ZnO NPs) and have shown striking synergistic toxicity (introductory paper 3).  
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Presently information gathered from non-validated in vitro systems such as the liver cell lines 

used in this research can be used in a weight of evidence approach of an ITS according to the 

Commission Regulation (EC) No 134/2009 concerning the Registration, Evaluation, 

Authorisation and Restriction of Chemicals (REACH). However the use of liver cell lines in an 

ITS will only gain regulatory approval after they have been scientifically determined to be 

reliable (reproducible), and relevant for their intended purpose. However, the reliability of in 

vitro systems using cell lines has been questioned for ENM toxicity testing due basically to the 

technical issues associated with achieving a homogenous and stable dispersion of ENMs (as 

discussed in section 8.3) and the potential interference with assay readouts. The importance of 

using analytical tools to determine real exposure concentrations has been highlighted after 

important losses during ENM dispersion preparation were evidenced in introductory papers 1 

and 2. Interferences with fluorescence /absorbance measurements and/or interaction with assay 

components associated with ENMs unique physico-chemical properties is also an important 

aspect (AuNPs in research paper 4) often overlooked when performing NP toxicity studies. Also 

the interaction of NPs with the various components in the culture medium can influence ENM 

behaviour, how ENMs are presented to cells and their bioavailability (AgNPs, research paper 

2). Through increased awareness of such factors and by taking specific experimental 

considerations, reproducibility when testing ENMs can be improved. 

Besides ENM specific considerations immortalised cell lines have lost some functional and 

metabolic activities and as a result responses may not reflect primary cell behaviour. For 

example, the expression of cytochrome P450s in HepG2 was found to be extremely low 

compared with expression in primary human hepatocytes (Wilkening et al. 2003). In research 

paper 2 we have compared responses between a range of liver cell lines and liver cells freshly 

isolated from rainbow trout, to investigate if cell lines are representative models. The cell lines 

showed comparable responses to primary cells following AgNP and AgNO3 exposure, thus 

proving such liver cell lines as good representative models. Studies have also been performed 

comparing responses to ENM exposure in the human hepatoblastoma cell line (C3A), and human 

primary hepatocytes showing that the overall responses38  are very similar between both test 

systems to a panel of ENMs (Kermanizadeh et al. 2012). 

By their very nature cell lines can only be used to test for a toxic insult at the cellular level, and 

thus do not take into consideration adaptive responses at the whole organism’s levels or toxico-

kinetics. Therefore they cannot be seen as a replacement for the use of animals. However to 

address their value, in terms of relevance of such systems to biological outcomes in vivo, we 

have performed in vivo exposures in fish and compared results to toxicological data generated in 

vitro. Mechanistically, exposure to ZnO NPs in PLHC-1 liver cells produced increased levels of 

reactive oxygen species as a hallmark of oxidative stress. The relevance of this toxicological data 

to potential responses in vivo was then tested in research paper 3 by incorporating a ZnO NP 

dietary exposure in fish and monitoring biochemical disturbances associated with oxidative 

stress in the liver. Indeed biochemical disturbances in the livers of fish fed diets spiked with high 

concentrations of ZnO NPs were observed. This is an important example of how in vitro studies 

                                                           
38 with respect to uptake, cytotoxicity, pro-inflammatory cytokine release, and albumin production. 
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can be used as a screening technique and how in vitro data can provide valuable and meaningful 

results that have proven to be representative of responses in vivo. 

While all of this evidence supports the value and relevance of liver cell lines as experimental 

models/test systems for nanomaterial hazard assessment, recent and future technological 

advancements can improve still the validity. The liver itself has a complex three dimensional 

structural architecture with hepatic lobules and a range of interacting cell types. Thus in order to 

increase the physiological relevance of cell lines grown in flat mono-layers on plastic surfaces, 

3D spheroid models are being developed using the HepG2 liver cell line cultured on extracellular 

matrix-rich hydrogels. Engineering the cell culture micro-environment in this way enables 

increased cell–cell interactions between hepatocytes, the maintenance of a polarized morphology 

and has been shown to increase metabolic expression (Ramaiahgari et al. 2014). Also direct and 

indirect interactions between the different cell types of the liver play a major role in the 

maintenance of normal liver function. Therefore, co-cultures of two or more relevant liver cell 

types may serve as a more representative model.  

Also more sophisticated in vitro systems are being constructed using multiple cell types, and 

even multiple tissues, in micro-fluidic devices to mimic organs of the body in a “body on a chip” 

format and to simulate the circulation of ENMs (Bhise et al. 2016). For example researchers 

have used such a system to mimic the interaction between the gastrointestinal tract and liver 

tissues to show that ingested ENMs have the potential to cause liver injury (Esch et al. 2014). 

Technological advances such as these are beginning to bridge the gap between conventional 2D 

cell culture and living tissue environment by more accurately mimicking the in vivo behaviour 

of cells and thus improving the predictive power of such in vitro test systems of responses in 

vivo.  

With current and future developments in engineering the use of liver cell lines and in vitro liver 

cell culture models in ENM hazard assessment may be more heavily relied upon in the future. 

 

 

 

 

 

 

 

 

 

 

  



183 
 

CHAPTER 9 

CONCLUSIONS 
 

The main conclusions obtained from this research are summarized below: 

 

1. Liver cell lines are relevant and valuable test systems that can be used to deepen our 

understanding of the mechanisms underlying the toxicity of metal ENMs both from an 

environmental and human health perspective. 

 

2. Important experimental adaptations may need to be taken when testing ENMs using in vitro 

cell culture test systems in order to achieve stable dispersions in the culture media. 

 

3. Technical issues related to the preparation of accurate exposure concentrations outline the 

necessity of measuring real concentrations instead of using nominal concentrations for 

estimating cytotoxicity. 

 

4. Interference checks should also be incorporated into the experimental design when testing 

NPs using in vitro cell culture systems to ensure no false positive/negative results due to 

reactivity or binding of NPs with assay components.   

 

5. The metal ENMs tested can be ranked by their decreasing cytotoxicity to liver cell lines, 

estimated from the IC50 values calculated from responses in liver cells, as 

Ag>ZnO>Cu>Au 

 

6. ENMs can enter the cells and appear within membrane enclosed bodies such as lysosomes. 

In addition, the increased effects with the neutral red assay, which monitors lysosomal 

functionality, supports that this mechanism can play a key role in the cytotoxicity of 

nanoparticles. 

 

7. Nanoparticle-specific effects were evidenced highlighting the increased hazard from 

exposure of liver cells to metal ENMs compared to solely dissolved metal ions. 

 

8. Primary particle size does not appear to dictate toxicity as there is no evidence of a size-

dependent (nano-specific) cytotoxic relationship.  

 

9. Although it has been claimed that oxidative stress is the most important mechanism of 

toxicity of ENMs, we have demonstrated that in several cases the toxicity of ENMs is not 

directly dependent on oxidative stress.  
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10. Species-specific differences in sensitivity to the cytotoxic effects of ENMs exist that could 

be related to differences in tolerances of mammalian and piscine cells to metal ions which 

are released from the ENMs. 

 

11. Fish cell lines do not show necessarily a lower sensitivity than fish liver cells maintained in 

primary culture so that they appear as a valuable tool for the study of the cytotoxicity of 

ENMs 

 

12. ZnO ENMs administered to fish through the diet resulted in the preferential accumulation 

of Zn in their gills and intestine. Zn distribution to the liver causes oxidative disturbances 

that are recovered by the organism adaptive responses during depuration.  

 

13. The toxicity of each ENM can be strongly influenced by variations in capping agents which 

opens the door to safe by design approaches.  
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CONCLUSIONES 

Se presentan a continuación las conclusiones más importantes generadas a partir de la 

investigación realizada: 

 

1. Las líneas celulares obtenidas a partir de hígado constituyen unos sistemas de ensayo de 

enorme relevancia que pueden usarse para profundizar en nuestro conocimiento sobre los 

mecanismos subyacentes a la toxicidad de NMs manufacturados, tanto desde una perspectiva 

ambiental como de salud humana. 

 

2. Al ensayar NMs en cultivos celulares in vitro es posible que sea necesario realizar 

importantes adaptaciones experimentales para conseguir dispersiones estables en el medio 

de cultivo. 

 

3. El uso de dispersiones de NMs en vez de disoluciones da lugar a problemas técnicos para la 

consecución de las concentraciones deseadas al realizar diluciones, lo que subraya la 

necesidad de llevar a cabo medidas de concentraciones reales en vez de utilizar 

concentraciones nominales. 

 

4. Al estudiar la citotoxicidad de NPs en sistemas celulares in vitro es necesario chequear las 

posibles interferencias de esas NPs con las medidas, interferencias debidas a su reacción o 

unión con los compuestos usados en el ensayo. 

 

5. Los NMs metálicos utilizados en este estudio pueden ser ordenados siguiendo valores 

decrecientes de citotoxicidad, estimada a partir de los valores de IC50 en líneas celulares de 

hígado, del siguiente modo: Ag>ZnO>Cu>Au. 

 

6. Los NMs son capaces de entrar en las células apareciendo en el interior de los lisosomas. 

Además, los importantes efectos observados en las medidas del ensayo de rojo neutro, que 

refleja alteraciones en el funcionamiento de los lisosomas, sugieren que este mecanismo 

puede jugar un papel fundamental en la citotoxicidad de las NPs. 

 

7. El tamaño de las partículas no parece ser determinante en la toxicidad puesto que no se ha 

observado una relación directa entre citotoxicidad y tamaño de las NPs. 

 

8. Se han observado efectos específicos de la fracción nanoparticulada lo que evidencia el 

mayor peligro de los NMs metálicos para las células de hígado con respecto a los iones 

metálicos liberados. 
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9. Aunque se ha propuesto que el estrés oxidativo constituye el mecanismo más importante de 

citotoxicidad de los NMs, hemos demostrado que en varios casos la citotoxicidad de los NMs 

no es directamente dependiente del estrés oxidativo. 

 

10. Las diferencias interespecíficas en la sensibilidad a los efectos citotóxicos de los NMs 

podrían relacionarse con diferencias en la tolerancia de las células de mamíferos y peces a 

los iones metálicos liberados de los NMs. 

 

11. Las líneas celulares de peces no muestran necesariamente una menor sensibilidad que las 

células mantenidas en cultivo primario frente a la toxicidad de los NMs, lo que hace de ellas 

unas valiosas herramientas para el estudio de la citotoxicidad de estas sustancias. 

 

12. La administración de un NM de ZnO a peces a través de la dieta resultó en la acumulación 

preferencial de Zn en branquias e intestino. Además la llegada de Zn al hígado dio lugar a 

alteraciones en el equilibrio oxidativo que desaparecieron en la fase de depuración por la 

respuesta adaptativa del organismo. 

 

13. La toxicidad de cada tipo de NM puede verse fuertemente influenciada por el tipo de agentes 

de superficie con los que se asocie, lo que abre la puerta a avances en la seguridad de los 

NMs a través del diseño. 
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APPENDICES 
 

Appendix A: Supplementary information for chapter 3- Introductoy paper 2:  Species-specific 

toxicity of copper nanoparticles among mammalian and piscine cell line. 

 

 

Supplementary Material 

Supplementary 1. Supplements of cell culture media 

H4IIE and HepG2 cells were maintained at 37ºC and 5% CO2. EMEM culture medium for H4IIE 

cells was supplemented with 10% FBS, 1% L-glutamine (200 Mm), 1% of penicillin/streptomycin 

(10 000 u/mL and 10 mg/mL for penicillin and streptomycin respectively and 1% 100XNEAA. 

For culturing HepG2, the 1% L-glutamine was replaced by 1 % ultraglutamine (200 mM). PLHC-

1 cells were cultured at 30 ºC in a 5% CO2 atmosphere in α-MEM culture medium supplemented 

with 5 % FBS, 1 % L-glutamine, and 1 % of penicillin/streptomycin, at the same initial 

concentrations as indicated before. RTH-149  was cultured at 20 ºC under 5% CO2 atmosphere 

in EMEM supplemented with 10 % FBS, 1 % L-glutamine, 1 % penicillin/streptomycin, at the 

same initial concentrations as indicated before, and 1 % sodium pyruvate (100 mM).  
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Supplementary 2. An example of subtracting particle profiles from media profiles in the DLS 

graphs. The culture media profile of H4IIE cell lines has been measured first, which was shown 

in the upper part of this figure. Then the profiles of CuNPs in H4IIE culture media were 

measured. The peaks with similar sizes and intensity as H4IIE media profiles were neglected. 

Only the peaks with higher intensity were taken into consideration to determine the size 

distribution of CuNPs.  
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Supplementary 3. ICP-MS measurement 

A certified multi-element solution (As, Ba, Be, Bi, Ce, Co, In, Li, Ni, Pb and U - Analytika Ltd, 

Czech Republic) was used to establish and optimize the operating instrument conditions. 

Copper quantification was carried out using external calibration and internal standardization 

(Ga) to minimize the impact of signal instability during the analysis. Calibration standard 

solutions of copper and internal standard solutions of Ga were prepared daily with subsequent 

dilutions of the 1000 mg/L Cu in 2 % HNO3 (v/v) and 1000 mg/L Ga in 2 % HNO3 (v/v) stock 

standard solutions (Alfa Aesar, Madrid, Spain), respectively. 

 

Limits of detection (LOD) and limits of quantification (LOQ) were calculated as being 

respectively three times and ten times the standard deviation of the blank, considering as such 

each one of the different media studied (H4IIE, HepG2, PLHC-1 and RTH-149) subject to the 

same treatment as samples. In all cases, the LOD ranged from 0.16 to 0.27 μg/L and the LOQ 

from 0.53 to 0.90 μg/L. The instrumental response was linear over the calibration range from 

0.1 to 100 μg/L, with a relative standard deviation (RSD) < 2 %. For copper concentration 

measurements, the media from each well was transferred into a polypropylene flask and the 

well washed twice with nitric acid 2 % (v/v). The rinses were added to the corresponding sample 

media and made up to a final volume of 10 mL with nitric acid 2% (v/v). Just before ICP-MS 

analysis, samples were ultrasonicated for five minutes. 

 

Supplementary 4. Size distribution of (a) the pristine micro particles (MPs) prepared in 

ethanol and (b) 24 h after incubation under culture conditions. 
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Supplementary 5. IC20, IC50 and IC80 of each copper suspension after exposure to the four different cell lines after 24 hours and the IC20, IC50 and 

IC80 of particle form in each copper suspensions(CuNPs), expressed as mean ± standard deviation (µg Cu /mL of medium suspension). 

  H4IIE  HepG2  PLHC-1  RTH-149 

 ICx (µg/ml) IC20 IC50 IC80  IC20 IC50 IC80  IC20 IC50 IC80  IC20 IC50 IC80 

ICx of 

copper 

suspension 

25nm 10±0* 20±3 70±4  17±4 39±5 68±4  53±13 83±16 124±2  53±18 91±27 144±15 

50nm 20±13 55±15 95±14  22±3 42±2 72±1  45±19 67±20 117±9  63±13 115±12 201±71 

78nm 15±3 56±18 112±55  11±5 48±3 88±5  29±17 58±22 87±28  69±32 182±74 260±13 

100nm 29±0 76±5 136±24  28±2 57±1 81±0  32±5 59±5 88±4  67±30 104±4 166±22 

MPs 6±5 26±12 71±24  15±2 26±12 53±4  38±5 45±18 81±12  35±18 74±14 112±10 

Cu(NO3)2 18±7 54±9 90±14  18±2 43±4 71±4  79±14 109±10 180±9  68±36 120±15 179±16 

ICx of 

 Particle 

form in 

copper 

suspensions 

25nm 3±0 9±1 15±1  6±2 7±1 17±1  14±3 22±1 29±0  17±7 30±2 43±3 

50nm 16±7 27±10 39±12  19±3 28±2 37±1  23±11 39±7 62±4  49±14 77±10 143±57 

78nm 33±14 77±17 98±43  12±4 44±2 76±5  17±9 35±12 53±14  64±34 139±24 213±15 

100nm 34±6 48±4 62±4  22±2 33±1 44±1  15±2 25±2 36±2  32±2 65±10 98±3 

MPs 1±0 4±3 6±5  4±0 9±1 12±1  6±0 12±7 28±3  6±2 12±2 17±1 

*Interpolation from Fig. 6. 
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Supplementary 6. Significant differences (P<0.05) of IC50 (total)/IC50 (particle) between different 

particles (a, b) in the same cell lines and between different cell lines exposed to same particles 

(c, d), IC50 (total)/IC50 (particle) were plotted as mean ± standard deviation.  
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Supplementary 7. Intracellular ROS in hepatocellular cell lines following exposure to a 

concentration extrapolated from the fitted curves: (a) 50 µg/ml and (b) 80 µg/ml of different 

types of CuNPs, the MPs and copper nitrate. ROS levels are quantified by measuring the 

percentage increase in fluorescence with respect to the control (100%). Results are expressed 

as the mean of three independent assays ± standard error of the mean. Significant differences 

between CuNPs exposures are represented by (*) (P<0.05) and same numbers designate 

relationship, while significant differences between cell line responses are represented by (α, β) 

(P<0.01) and same numbersdesignaterelationship.  
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Appendix B: Supplementary information for chapter 4- Research paper 1: Recovery of redox 

homeostasis altered by CuNPs in H4IIE liver cells does not reduce the cytotoxic effects of these 

NPs: an investigation using aryl hydrocarbon receptor (AhR) dependent antioxidant activity. 
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