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ABSTRACT

Nanotechnology has been one of the major success stories of the early 21st century. 
The foundation for this success rests on the discovery that a small size confers 
completely new properties on materials. Nowadays, engineered nanomaterials 
(ENMs) are used in a plethora of applications such as paints, cosmetics, food 
products and electronics. These new properties, however, potentially make ENMs 
more reactive in biological systems than their large-scale counterparts. Already, 
asbestos-like effects have been described in mice after exposure to certain forms 
of carbon nanotubes (CNTs), while nano-sized titanium dioxide (nTiO2) has been 
shown	 to	 evoke	 inflammation	 in	mouse	 lung.	 Therefore,	 extensive	 nanosafety	
studies have to be performed to ensure that no adverse effects are suffered 
by either workers or end-users of ENM products. This thesis has investigated 
health	effects	of	ENMs	by	proteomic	methods,	first	by	evaluating	the	uptake	and	
interactions of ENMs with plasma and cellular proteins followed by an analysis 
of the effects of ENM exposure on the intracellular proteome and secretome of 
human primary macrophages.

The results revealed that ENM interactions with cellular proteins were 
governed by the surface reactivity of ENMs, whereas interactions with plasma 
proteins seemed to depend on the combination of both surface reactivity and 
active recognition, namely tagging of ENMs by opsonin proteins. The binding of 
cellular proteins to ENMs and subsequent interference with cellular processes 
might represent a novel cause of ENM toxicity, especially since transmission 
electron microscopy (TEM) micrographs indicated that several ENM species 
could be visualized free in the cytoplasm.

The cytoplasmic protein expression changes after exposure to silica coated 
and uncoated nTiO2 revealed that silica coated TiO2 induced stronger protein 
expression changes in the macrophages. Most of the proteins with altered 
expression	were	related	to	phagocytosis,	oxidative	stress	and	inflammation.	These	
proteome	changes	 indicate	 that	macrophages	are	actively	engulfing	ENMs	and	
processing them. Moreover, the up-regulation of oxidative stress related proteins 
might be an indication of oxidative burst. Finally, nTiO2 treatment evoked 
acetylation of cytoplasmic proteins, a previously uncharacterized phenomenon 
in cells exposed to ENMs. The results from the macrophage secretome analysis 
showed that asbestos and long rigid carbon nanotubes (R CNTs) produced a similar 
response,	while	protein	secretion	profile	of	macrophages	exposed	to	long	tangled	
carbon	nanotubes	 (T	CNTs)	exhibited	a	distinct	profile.	Bioinformatic	analysis	
revealed	 that	R	CNTs	 evoked	 secretion	of	 inflammation	 and	 apoptosis	 related	
proteins,	possibly	because	of	lysosomal	damage.	Functional	assay	confirmed	that	
R CNT exposure triggered apoptosis in macrophages, while T CNTs and asbestos 
did not.

ABSTRACT



This thesis offers new knowledge concerning the biological effects of 
engineered nanomaterials. Proteomic methods proved to be useful in the ENM-
protein	 interaction	 studies	 revealing	 that	 it	would	 be	 beneficial	 to	 include	 the	
ENM-protein interaction experiments as part of the routine ENM characterization 
when assessing the health effects of ENMs. By employing quantitative proteomics, 
we obtained a global view of both cytoplasmic and secreted proteome changes of 
macrophages exposed to different ENMs.
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1. INTRODUCTION

1.1. Engineered nanomaterials and nanotechnology

Engineered nanomaterials are intentionally produced materials having at least 
one dimension less than 100 nm. The small size brings out new physicochemical 
properties that differ substantially from the characteristics of the larger forms of 
the same material. For example, when the size of a molecule decreases, surface area 
grows in an inverse relationship, meaning that most of the atoms in a nanoparticle 
(NP)	are	located	on	the	surface	(Figure	1).	ENMs	are	also	easily	modifi	able,	their	
solubility, shape, surface structure and charge can be changed. This explains 
why nanotechnology has been one of the success stories of 21st century, since it 
is these characteristics that are exploited in nanotechnology applications (Nel 
et al., 2006). Currently the global market value of nano-related technologies is 
estimated to be worth 200 billion € providing employment for 300 000 to 400 
000 workers in the EU alone. By the year 2020, the market value of products 
utilizing nanotechnology has been predicted to reach 2 trillion € (EU, 2012).

 
Figure 1. The relationship between particle diameter and percentage of surface molecules. 
The percentage of molecules on the particle surface correlates inversely with the particle size. Modifi ed from (Oberdörster 
et al., 2005)

1.1.1. Titanium dioxide

One of the most widely utilized nanomaterials is TiO2 (nTiO2), which has four 
major crystal structures: anatase, rutile, brookite and TiO2. Anatase and rutile 
are the best known and utilized TiO2 polymorphs in nanotechnology. Anatase 
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is the thermodynamically most stable phase when it is in 10-20 nm size-ranges, 
whereas rutile TiO2 is most stable at sizes above 35 nm (Yin et al., 2013).

The high refractive index enables nTiO2s to be used as pigments in personal 
care products, foods, paints and papers. TiO2 nanoparticles are also exploited in 
water treatment, anti-bacterial applications, photovoltaics and electrochromic 
devices,	due	to	their	physicochemical	properties	which	can	be	easily	modified	by	
doping and coatings (Yin et al., 2013; Weir et al., 2012; Robichaud et al., 2009). 
Their use in self-cleaning surfaces utilizing photocatalysis is another application 
for nTiO2 particles, where organic particles are broken down chemically in the 
presence of light. In the future, nTiO2 could be also utilized in green-energy 
technologies by taking advantage of nTiO2	 ability	 to	 efficiently	 split	 water	 to	
oxygen and hydrogen with the aid of UV excitation (Gupta and Tripathi, 2011).

As reviewed by Yin et al. (2013), TiO2 nanoparticles have been widely studied 
in	 biomedical	 technologies.	 A	 significant	 portion	 of	 the	 medical	 applications	
under investigation involve photocatalysis, namely nTiO2 mediated production of 
reactive oxygen species (ROS) after UV irradiation. In order for target cells to be 
killed by this method, called photodynamic therapy, TiO2 NPs must be localized 
inside	cells	and	tissues.	This	can	be	achieved	by	attaching	specific	antibodies	to	
the NP surface, and these can target nTiO2	to	specific	cells	or	to	the	cancer	tissue.	
Similarly, targeting can be exploited in drug delivery systems utilizing TiO2 NPs 
as vectors. Several shapes of nTiO2s, such as whiskers and capsules, have been 
developed for drug delivery; therefore drugs can be attached to the surface of the 
pharmaceutical. Other emergent biomedical applications exploiting TiO2 NPs are 
cell imaging, biosensors and genetic engineering.

1.1.2. Carbon nanomaterials

The primary building block, the basis of most carbon nanomaterials, is graphite, a 
hexagonal structure which is thermodynamically the most stable form of carbon at 
room temperature. Graphite honeycombs can form two-dimensional, single atom 
thick graphene layers, which can be further manipulated into carbon nanotubes 
(CNTs) or fullerenes – two of the most used carbon nanomaterials (Jariwala et 
al.,	2013).	Fullerene	was	the	first	synthetized	carbon	nanomaterial	in	the	1980s	
(Kroto	et	al.,	1985).	The	first	CNTs,	by-products	from	fullerene	synthesis,	were	
reported in the following decade (Iijima, 1991), while graphene layers were 
successfully constructed only as late as 2004 (Novoselov et al., 2004).

CNTs are widely used in composites to increase conductivity and stiffness for 
example	in	plastics	and	sporting	goods.	CNTs	are	also	added	to	fiber	composites,	
which results in even stronger and stiffer, yet light-weight products, which 
are both advantages in wind turbine blades. Future applications include CNT-
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metal composites with high strength and low density, which could be used in 
the	 automotive	 industry	 and	 CNT-plastics	 with	 flame	 retardant	 abilities.	 In	
addition to composites CNTs are used in coatings. They can be utilized to make 
transparent,	 conductive	films	such	as	 touch	screens,	but	also	 in	 ship	paints	 to	
reduce the attachment of algae and barnacles (De Volder et al., 2013).

Physical morphology enables CNTs to have small capacitance and increased 
carrier mobility – ideal properties for low-power, high-speed electronics such as 
the	thin-film	transistors	utilized	in	displays.	In	addition,	their	good	semiconducting	
properties mean that CNTs can be used in optoelectronics as light detectors and 
emitters. Other electronic applications where carbon nanomaterials and CNTs can 
be utilized are photovoltaics, where they help to convert sunlight into electricity 
and sensing applications such as gas, solvent and biomolecule sensors (Jariwala 
et al., 2013; De Volder et al., 2013).

CNTs and other carbon nanomaterials are being increasingly studied in 
medicine.	CNTs	have	been	reported	to	be	efficient	scaffolds	for	tissue	engineering	
and implants. In addition, CNTs can be used as vectors for delivery of drugs, 
genes and functional RNA. Drugs can be attached to CNTs by two strategies: the 
hollow	core	of	CNTs	can	be	filled	with	the	drug	or	then	the	drug	can	be	attached	
either covalently or non-covalently to the outer walls of the CNT. Another medical 
application utilizes CNTs as such for cell killing by irradiating them with near-
infrared (NIR) light. NIR causes heating of CNTs but not tissues, therefore only 
cells	which	have	taken	up	CNTs	will	die.	Since	CNTs	can	be	targeted	to	specific	
sites in the body and the release of the drug can be controlled, CNTs might have 
a major role in medicine in the future (Heister et al., 2013).

1.2. Health effects of engineered nanomaterials

The huge increases in the production volumes and the innumerable new 
nanotechnology applications being developed mean that human beings are coming 
into more and more contact with ENMs – both in occupational environments and 
in every-day life. As highlighted in the Krug and Wick (2011) review, ENMs are 
about the same size as proteins and DNA and possibly might interfere with cellular 
functions. Therefore, it can be postulated, that nanotechnology might end up being 
a double-edged sword: small size and new physicochemical properties of ENMs 
offer many opportunities and new possibilities but the same characteristics might 
represent serious threat to living organisms. This has necessitated the undertaking 
of extensive safety studies to clarify which ENMs pose problems and to determine 
how best to avoid or at least minimize the adverse effects. Although lagging behind 
with applied research seeking new nanotechnology discoveries, a large amount of 
toxicological research has already been conducted with ENMs (Table 1).
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Table 1. ENM toxicity studies

Example references Objective Method 
 

(Cedervall et al., 2007; Dutta et 
al., 2007; Ge et al., 2011; Göppert 
and Müller, 2005; Lundqvist et 
al., 2011; Lynch and Dawson, 
2008;	Monopoli	et	al.,	2011;	Safi	
et al., 2011; Tenzer et al., 2011; 
Tenzer et al., 2013; Treuel et al., 
2014; Walkey et al., 2014; Wang 
et al., 2011)

ENM-protein interactions Protein corona studies

 
 
(Gonçalves et al., 2010; Haniu 
et al., 2006; Pfaller et al., 2009; 
Simon-Deckers et al., 2008; 
Movia et al., 2011; Xia et al., 2013)

Toxicity screening Cell models

 
 
(Dostert et al., 2008; Liu et al., 
2011; Lohcharoenkal et al., 2013; 
Lunov et al., 2011; Palomäki et al., 
2011; Park et al., 2008; Sharma 
et al., 2007; Tahara et al., 2012; 
Tilton et al., 2013; Yazdi 2010)

Toxicity mechanisms Cell models

 
 
(Ryman-Rasmussen et al., 2009; 
Bermudez et al., 2004; Li et 
al., 2007; Lindberg et al., 2012; 
Mangum et al., 2006; Poland 
et al., 2008; Rossi et al., 2010b; 
Sager et al., 2008)

Acute and sub-chronic effects, 
genotoxicity,	inflammation,	
carcinogenesis

Animal models

 
 
(Kolosnjaj-Tabi et al., 2010; 
Nemmar et al., 2001; Poland et 
al., 2008; Rossi et al., 2010b; 
Shvedova et al., 2005; Rancan et 
al., 2012)

Assessment of exposure routes and 
strategies 

Animal models

 
 
(George et al., 2011; Lin et al., 
2013; Liu et al., 2012)

High throughput toxicity screening Zebra	fish	models

 
 
(Aschberger et al., 2011; 
Gottschalk et al., 2009; 
Gottschalk et al., 2011; Wang et 
al., 2013)

Environmental effects
Algae, microbe, fresh 
water invertebrate 
models, modelling

 
 
(Brouwer, 2012; Grieger et al., 
2010; Liao et al., 2008; Nel et al., 
2013; Van Duuren-Stuurman et 
al., 2012; Zuin et al., 2011)

Risk assessment and reduction
Predictive toxicology 
paradigms, modelling
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1.2.1. Exposure routes

The most probable entry routes of ENMs into the human body are via the 
respiratory system, through the skin or by ingestion. The most vulnerable route 
is the lung, since it has been claimed that ENMs might be able to cross air-
blood barrier (Oberdörster et al., 2005). The airways have three main defense 
mechanisms: epithelium, mucus and cellular defense. Downwards from the nose, 
the epithelium of respiratory tract is mostly ciliated. The epithelium functions as a 
barrier preventing the entry of pathogens and foreign molecules into the body. In 
addition,	the	epithelial	cells	participate	in	inflammatory	reactions	by	recognizing	
pathogens and activating the immune cells. The mucus secreted by goblet cells 
and serous and mucosal glands in the airway epithelium acts in concert with the 
cilia to form the mucociliary escalator, which transports particles and pathogens 
deposited in the mucus away from the airways into the pharynx, where the foreign 
objects are swallowed. Mucus also contains many antimicrobial proteins such as 
lysozyme, lactoferrin, peroxidase and defensins. In addition, immunoglobulins 
and opsonins are secreted into the mucosa. The cellular defense consists of non-
specific	 defense	 cells,	 such	 as	 alveolar	 macrophages	 and	 polymorphonuclear	
leukocytes	 -	 both	 professional	 phagocytes,	 and	 specific	 cellular	 defense	 cells,	
T and B cells, located in the lamina propria and Waldeyer’s ring (Fokkens and 
Scheeren, 2000).

Whereas larger particles usually become stuck in the mucus layer in the 
upper part of the respiratory system, the nano-sized particles, due to their small 
aerodynamic diameter, are able to pass deeper into the alveoli and this pulmonary 
region is not protected by a mucus layer. Here, alveolar macrophages and epithelial 
cells are responsible for the defense and therefore, can be considered to be targets 
of inhaled ENMs (Oberdörster et al., 2005; Donaldson et al., 2013).

ENMs such as TiO2 and zinc oxide (ZnO) are widely used in sunscreens, thus 
coming	 into	 contact	with	 the	 skin.	Normal,	healthy	 skin	 is	 an	 efficient	barrier	
preventing entry of bacteria, viruses and foreign molecules to the body. However, 
hair follicles might provide an entry route and if the skin has a wound or contains 
lesions, the ENMs present in sunscreen might be able to pass through the skin. 
Some reports have postulated that ENMs are able to be taken up in the gut, which 
is alarming because nowadays many food products contain nanomaterials. For 
example, Lycopene which is a synthetic form of tomato carotenoid is used in soft 
drinks as a colorant (Elsaesser and Howard, 2012; Chaudry et al., 2008).
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1.2.2. Protein corona

Regardless of whether ENMs enter the body via the respiratory system, blood 
or through the skin, they are immediately coated and covered by biomolecules 
such as proteins, lipids and sugars, thus forming a so-called corona around the 
ENM. The nanoparticle-corona complex is perhaps the most important factor 
infl	uencing	the	fate	of	ENMs	inside	the	body.	Moreover	the	corona	has	an	effect	on	
several other ENM properties e.g. agglomeration, uptake and toxicity. The corona, 
together with materials’ so called synthetic identity consisting of size, shape and 
surface chemistry, make up the biological identity of ENMs (Figure 2). Therefore, 
the biological identity of a given ENM will be different in blood than it is in the 
lung. ENMs can also retain their protein-corona when passing through different 
biological environments, meaning that a particle entering the body through the 
lung	is	likely	to	exhibit	a	fi	ngerprint	of	the	lung	proteome	even	though	it	is	being	
analyzed in the blood (Monopoli et al., 2011; Walkey and Chan, 2012).

Figure 2. Biological identity of ENMs.
Figure illustrating the biological identity, consisting of synthetic identity and biomolecule corona, of a given ENM 
in a biological environment. Synthetic identity consists of the size, shape and surface chemistry of the ENM.

The ENM surface has a high free energy, which invites adherence of 
biomolecules. Proteins bind to ENMs via weak physical forces such as Van der 
Waals and electrostatic interactions in thermodynamically favorable conditions. 
Proteins adhere to ENMs with different binding energies, determining which 
proteins form the corona. Moreover, many proteins may interact simultaneously 
with the material and other proteins having an effect on the corona formation 
and resulting in multiple protein layers. This means that the corona, at least 
the plasma protein corona, can be relatively thick, perhaps as much as 54 nm 
(Monopoli et al., 2011; Walkey and Chan, 2012).
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ENMs interact with proteins differently depending on their material 
characteristics. Previously, hydrophobic and, more importantly, charged ENMs 
were thought to bind proteins better. Surface curvature was another property 
thought	 to	 influence	 protein	 binding,	 after	 it	was	 found	 that	 smaller	 particles	
bound fewer proteins than their larger counterparts - i.e. the smaller the particle 
the higher the surface curvature, therefore the area for interaction with proteins 
is smaller (Monopoli et al., 2011; Walkey and Chan, 2012). Recently, however, 
Tenzer et al. (2013) showed that none of the ENM properties alone were enough 
to be a governing factor in protein corona formation in plasma. Only the exposure 
time could be singled out as having an effect on corona size. Furthermore, all the 
materials, irrespective of surface charge, seemed to acquire a negative charged 
corona in biological (pH ~7) environments, meaning that the majority of adhering 
proteins had an isoelectric point (pI) less than 7.

ENMs have been claimed to acquire two different coronas in plasma: a hard 
corona and a soft corona (Lynch et al., 2007; Tenzer et al., 2011) although the 
existence of soft corona is still somewhat controversial. The proteins with strong 
binding energies are believed to form the hard corona, interacting directly with 
the material. The hard corona is highly stable consisting of less than 100 different 
proteins that cannot easily be removed from the ENM. The soft corona, on the 
other hand, is made up of either proteins interacting with proteins of the hard 
corona, or as some studies suggest, proteins adhering to ENMs with weaker 
binding energies. The soft corona is never at equilibrium; the interacting proteins 
are constantly changing. The hard and soft coronas are considered to evolve over 
the course of time by the Vroman effect where the most abundant proteins bind 
the	ENMs	first	and	are	gradually	replaced	with	lower	abundance	proteins	with	
higher	affinities	towards	ENMs	(Monopoli	et	al.,	2011;	Walkey	and	Chan,	2012).	
However, Tenzer and collaborators (2013) postulated that the change of proteins 
over time is not qualitative but only quantitative, as most of the proteins forming 
the	final	corona	were	already	adhering	with	ENMs	after	30	seconds.	Moreover	
the same study claimed that the complete protein-corona is formed much faster 
and is more complex than previously thought, including almost 300 different 
proteins.

ENM-protein	interactions	can	be	spontaneous	or	involve	specific	biological	
recognition. Epitopes or the surface curvature of ENMs can be recognized 
by proteins leading to highly regulated biological processing and possibly to 
immunological reactions, whereas spontaneous binding can have other outcomes 
in biological systems. For example, carbon nanotubes can interact directly with cell 
surface proteins to evoke cytotoxicity. The attached proteins themselves might also 
mediate toxic outcomes by undergoing conformational changes and exposing new 
epitopes, which could then become targets of the cells of the reticuloendothelial 
system (RES) as non-self, initiating immune reactions. As such, the adherence 
of plasma proteins to ENMs has been described to facilitate material uptake and 
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stronger immunological reactions. These reactions are mediated by opsonins, 
such	as	 immunoglobulins,	 complement	proteins	or	fi	brinogen,	which	 facilitate	
immune responses by tagging exogenous molecules and thus help phagocytic cells 
to recognize harmful molecules. In addition, the biokinetics and fate of ENMs 
inside the body can completely change depending on the proteins with which 
the material interacts, for example the attachment of apolipoproteins might help 
materials pass through barriers such as the blood-brain barrier (Monopoli et al., 
2011; Walkey and Chan, 2012). Clearly, more studies are needed to understand 
how the protein corona affects ENM safety and biodistribution.

1.2.3. Uptake, biodistribution and degradation

ENM toxicity largely depends on the material’s ability to enter cells. Entry is 
affected by many factors, for example size, shape, surface charge and reactivity, 
agglomeration state, cell type and protein corona. Whether ENMs are taken into 
cells only actively or both actively and passively is still unresolved. It has to be also 
taken into account that a portion of the nanomaterials is likely to be aggregated in 
physiological environments. Therefore the immunological effects can be mediated 
by a mixture of aggregated and individual particles (Heister et al., 2013; Tenzer et 
al., 2013; Canton and Battaglia, 2012; Kettiger et al., 2013).

Figure 3. Uptake pathways. Figure illustrating the most common pathways involved in ENM uptake. PS phagosome, LY 
lysosome, EE early endosome, LE late endosome, RME receptor mediated endocytosis, CME clathrin-mediated endocy-
tosis CvME caveolin mediated endocytosis
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The small size and ability to interact with biomolecules, makes it possible 
for the ENMs to utilize endogenous cellular uptake mechanisms (Figure 3) 
and possibly to exert an effect on cellular processes (Monopoli et al., 2011).  
Phagocytosis is an active process normally conducted by the professional 
phagocytes of the immune system, such as macrophages and neutrophils. Large, 
> 1 µm particles and agglomerates are taken up by phagocytosis, a process 
which utilizes Fc, immunoglobulin and complement receptors located on the 
cell membrane. Another active process is pinocytosis, which can be divided into 
macropinocytosis, adsorptive pinocytosis, receptor mediated endocytosis (RME) 
and alternative pathway. Similarly to phagocytosis, macropinocytosis is one way 
to allow the cells to take up large, < 2 µm particles but also nano-sized particles 
can	be	 ingested.	This	process	 is	non-specific	and	also	 the	 surrounding	fluid	 is	
externalized. In contrast, RME occurs via ENM-receptor interactions. The two 
best characterized RME pathways are clathrin-mediated endocytosis (CME) and 
caveolin mediated endocytosis (CvME). In CME, ENMs in the size range of 10-300 
nm	are	internalized	in	clathrin-coated	vesicles	utilizing	highly	specific	receptors.	
CME	can	also	occur	non-specifically	when	cationic	particles	bind	to	the	negatively	
charged cell surface. CvMe, on the other hand, is mediated by caveolin-1 proteins 
which coat a small, 50-80 nm, invagination in cell membrane called caveola. The 
CvME system means that cells are able to ingest large particles, ENMs up to 100 
nm in size (Canton and Battaglia, 2012; Kettiger et al., 2013).

In their review Kettinger et al. (2013) considered that the optimal size for 
efficient	uptake	is	50	nm.	In	contrast,	Canton	et	al.	(Canton	and	Battaglia,	2012)	
proposed the best size to be 20-30 nm. Nevertheless, particles larger than 50 nm 
or	smaller	than	20	nm	can	be	taken	up,	although	more	slowly	and	inefficiently.	
Positively charged particles tend to be ingested more effectively, especially 
via adsorptive pinocytosis, whereas negatively charged ENMs are taken up by 
alternative uptake routes, adhering to proteoglycans in cell surface.  Furthermore, 
spherical particles seem to be more readily ingested than rod-shaped or materials 
with higher aspect ratio, whereas a high surface area also disturbs the rate of 
uptake. Heister et al. (2013) reviewed the uptake of high aspect ratio CNTs and 
concluded	that	CNT	bundles	are	taken	in	by	phagocytosis,	while	individual	fibers	
shorter than 400 nm can enter cells passively. Similarly CNTs have been reported 
to	penetrate	through	the	cell	membrane	and	to	inflict	mechanical	damage	to	cells.	
Should this occur, CNTs are able to reside free in the cytoplasm (Canton and 
Battaglia, 2012; Kettiger et al., 2013; Dumortier, 2013). CNTs are thought to enter 
cells	by	a	tip-first	mechanism,	which	could	explain	the	toxicological	effects	and	
frustrated phagocytosis encountered in CNT exposed cells (Shi et al., 2011).

After entry, ENMs are transferred inside vesicles into the subcellular 
compartments depending on uptake mechanism. If ENMs are internalized via 
phagocytosis,	they	are	trafficked	inside	phagosomes	directly	to	lysosomes,	where	
under normal conditions, the cargo is degraded by proteases at low pH. In 
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contrast, the other uptake mechanisms use early endosomes to sort out whether 
the cargo should be directed to lysosomes for degradation or recycled back to the 
plasma membrane. If the cargo is destined for degradation, it is placed into large 
vesicles which form multi-vesicular bodies that mature into late endosomes and 
finally	 into	 lysosomes	 (Figure	3)	 (Canton	and	Battaglia,	2012).	Kettinger	et	al.	
2013) reviewed that some ENMs, especially the positively charged ones, are able 
to escape from lysosomes by a ‘proton sponge effect’. In addition, CNTs might 
be able to puncture vesicle membrane. Should they escape from lysosomes, then 
ENMs might be free to interact with other cell organelles.

Once inside the body, the critical question is where do the ENMs end up? In 
the lung alveoli, ENMs can be endocytized by alveolar epithelial cells and gain 
access to blood circulation. ENMs can also end up in the blood circulation after 
inhalation – or even to central nervous system via the olfactory bulb. Once in the 
blood circulation, ENMs are most likely taken up by cells of the reticuloendothelial 
system and, therefore, are transported to the liver or spleen, while the smallest, 
< 10 nm, ENMs are eliminated through the kidneys. If ENMs are not recognized 
by defense mechanisms of the blood, they might cross air-blood or blood-brain 
barrier, and become deposited in the brain or heart (Elsaesser and Howard, 
2012; Kettiger et al., 2013). The body is able to degrade and excrete safely many 
ENMs such as porous silica nanoparticles and iron oxide nanoparticles, even 
oxidized CNTs can be destroyed by peroxidase and myeloperoxidase, expressed 
in neutrophils. However, it is possible that some ENMs can accumulate in organs 
and cause damage. Moreover, they can remain at the site of entry, like high aspect 
ratio	CNTs,	which	have	been	found	to	persist	in	the	pleural	space	causing	fibrosis	
and asbestos-like effects (Donaldson et al., 2013; Kettiger et al., 2013; Dumortier, 
2013).

1.2.4. Health effects of nano-sized titanium dioxide

While	 fine-sized	 TiO2 has been generally considered as an inert material, the 
same cannot be said about nTiO2. Shi and collaborators (2013) stated that 
inhaled nTiO2 particles induced acute local and systemic effects in mice, causing 
pulmonary	 inflammation	 and	 accumulation	 of	 the	 particles	 into	 liver,	 spleen	
and kidneys. Short term in vitro studies have also suggested that nTiO2s are 
able to cause erythrocyte hemolysis. Furthermore, dermal exposure studies have 
revealed that nTiO2 particles are not able to penetrate isolated pig skin in a 24 hour 
experiment. However, further in vivo experiments show that, when applied to the 
ears of domestic pigs, the same particles enter the deep layer of epidermis after 
30 days. In addition, an experiment with 60 day exposure revealed that nTiO2 
could penetrate through the skin of hairless mice completely and subsequently 
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particles were found in many organs and tissues. In an oral exposure study, rats 
fed with nTiO2 containing diet developed a slight injury to the liver and heart 
which	was	probably	caused	by	disturbed	gut	microflora	and	disturbed	energy	and	
amino acid metabolism.

The	results	of	genotoxicity	studies	are	more	conflicting.	Some	groups	have	
reported clastogenic and genotoxic effects in vivo after intratracheal instillation, 
while other groups have detected no effects whatsoever. Similarly, many in vitro 
experiments have shown clear genotoxicity, whereas other studies have postulated 
that nTiO2s	are	incapable	of	causing	mutations.	These	conflicting	results	might	
be attributable to the heterogeneous selection of nTiO2 particles used in the 
exposures, the different metrics used in the experiments or the use of different 
cell types. Importantly, the number of studies showing DNA damage is far greater 
than of those indicating that nTiO2s are not genotoxic, which means that nTiO2s 
are	potentially	hazardous	and	must	be	treated	accordingly	until	more	definitive	
studies have been conducted (Shi et al., 2013).

The main mechanisms by which nTiO2 particles cause toxicity are triggering 
the	formation	of	reactive	oxygen	species	and	by	inducing	inflammation.	Because	
of their large surface area, nanoparticles are especially potent generators of ROS. 
Oxidative	stress	and	inflammation	go	hand-in-hand	with	accumulation	of	nTiO2 
particles	lead	to	chronic	inflammation	which	induces	ROS	formation,	similarly,	
intracellular radical formation after particle uptake can result in the initiation of 
inflammatory	signaling.	Sustained	ROS	production	can	then	 lead	to	mutations	
in	critical	genes	and	tumor	formation.	Inflammatory	reactions	are	meditated	by	
cytokines released from cells and tissues encountering nTiO2s. Another marker 
of	 inflammation,	 the	 influx	of	neutrophils	 to	 the	 surrounding	 tissue,	has	been	
reported in many studies after nTiO2 treatment (Shi et al., 2013; Shvedova et al., 
2012). 

The   relatively short history of nTiO2 production means that epidemiological 
data is not yet available. The occupational carcinogenicity studies with 
workers exposed to TiO2 dust, containing mainly large TiO2 particles and 
possibly agglomerates and aggregates of nTiO2 particles, have not detected 
any increased risk of cancer or other lung diseases. However, because of the 
paucity of epidemiological data of occupational nTiO2 exposures and numerous 
in vivo studies claiming that nTiO2 is carcinogenic and poses a health risk, the 
recommendation is that exposure to nano-sized TiO2 should be minimized in 
occupational environments (Shi et al., 2013).
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1.2.5. Health effects of carbon nanotubes

The	fi	brous	morphology	-	i.e.	high	aspect	ratio	-	of	carbon	nanotubes	has	raised	
concerns that CNTs might cause asbestos-like effects. Some CNTs can be in-
cluded	in	the	fi	ber	pathogenicity	paradigm	(FPP),	where	the	main	reason	for	
the toxicity of a given material is its morphology, i.e. it has to be thin, long and 
biopersistent (Figure 4), whereas its chemical composition plays a lesser role 
(Donaldson et al., 2013). Indeed, reports have been published, where CNTs have 
caused toxic effects to cells (Palomäki et al., 2011) and to mice (Poland et al., 
2008) in a manner similar to asbestos.

Figure 4. Fiber pathogenicity paradigm. 
Diagram illustrating the adverse effects of high aspect ratio fi bers.

In the case of airway exposure, alveolar professional phagocytes are the cells 
responsible	for	clearance	of	foreign	material,	bacteria	and	viruses.	If	a	given	fi	ber	
is	longer	than	15	µm,	frustrated	phagocytosis	may	result,	where	the	fi	ber	cannot	
be completely engulfed by phagocytic cells. Frustrated cells release chemotaxins 
that	cause	decreased	migration	of	the	fi	ber	ingesting	cells,	which	then	reside	in	
the lung rather than exiting the tissue normally along the mucociliary escalator. 
Cytokines and oxidants are also released, leading to stimulation of endothelial 
cells	and	recruitment	of	infl	ammatory	cells.	The	persistent	infl	ammation	can	then	
potentially lead to carcinogenesis in the lung. Frustrated phagocytosis has been 
characterized	with	 some	 types	of	CNTs.	Over	5	µm	 long	fi	bers,	 such	as	CNTs,	
can also be retained in the pleura after inhalation exposure. The accumulation of 
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fibers	causes	inflammation,	oxidative	stress	and	genotoxicity	and,	if	the	fibers	are	
biopersistent,	the	final	outcome	might	be	fibrosis	or	lung	tumors	(Donaldson	et	
al., 2013). While length is a crucial factor in CNT toxicity, rigidity of the material 
is also important, since tangled CNTs are incapable of inducing equally serious 
effects (Palomäki et al., 2011).

Similarly to TiO2, one of the most important reasons of CNT toxicity is oxidative 
stress.	ROS	may	be	generated	either	on	the	fiber	surface	by	metal	contaminants	
reacting with oxygen or indirectly via cellular processes (Donaldson et al., 2013). 
Direct outcomes of oxidative stress are peroxidation of proteins, DNA and 
lipids (Li et al., 2013). Selective peroxidation of mitochondrial lipids can result 
in caspase activation and apoptosis, which has been demonstrated after CNT 
exposure.  Oxidative stress also has a role in the signaling cascades occurring 
in	during	 inflammation.	For	example,	ROS	activate	 the	NLRP3	inflammasome	
complex,	which	leads	to	secretion	of	pro-inflammatory	cytokine	Il-1β.	Activation	
of	NLRP3	inflammasome	complex	has	been	reported	after	CNT	exposure,	possibly	
because of activation of NADPH oxidase and ROS generation or due to lysosomal 
rupture and cathepsin release. Internalization of CNTs by phagocytes has been 
shown to cause the oxidative burst, another type of radical reaction, where large 
amounts of ROS are formed. This is normally used by professional phagocytes 
to cause disintegration of ingested pathogens. Similarly, it has been proposed 
that ROS formation could be one way for the cells to degrade CNTs in concert 
with peroxidase enzymes. The most reports have postulated, however, that when 
CNTs are ingested, the oxidative burst activates the lysosomal-mitochondrial 
axis, resulting in cell death (Shvedova et al., 2012).

CNTs can also cause actual physical damage to cells by puncturing the plasma 
membrane and thus interfering with normal cellular processes. Fibrous shape of 
CNTs	can	also	inflict	disruption	of	lysosomes	and	subsequent	cathepsin	release.	
Moreover, CNTs have been shown to interact with the centrosome structure 
resulting	in	DNA	damage,	while	binding	of	CNTs	to	actin	fibers	has	been	reported	
to inhibit cell proliferation (Shvedova et al., 2012).

Even though no CNT induced lung tumors have been found in vivo, perhaps 
due to lack of long term studies, the results from numerous acute or sub-acute 
investigations,	revealing	adverse	effects	such	as	inflammation	and	fibrogenicity,	
have been interpreted to mean that CNTs might induce carcinogenesis in the long 
run (Donaldson et al., 2013). All in all, the nanosafety literature suggests that long 
and rigid CNTs share many common features of asbestos and, therefore, should 
be handled accordingly. Already, one company manufacturing carbon nanotubes, 
a CNT form not deemed especially hazardous, has set a very low 0.05 mg/m3, 
limit for occupational exposure (Pauluhn, 2010).

INTRODUCTION



14

1.3. Methods and models used in ENM safety studies

1.3.1. Material characterization

One prerequisite for any ENM safety assessment is the extensive characterization 
of its physicochemical properties such as size, shape, surface area, solubility, 
aggregation/agglomeration, crystal structure and surface charge. Usually ENM 
samples contain a distribution of different sizes, which complicates the safety 
assessment for ENMs. ENMs can also be coated and their surface chemistry 
can	 be	 altered	with	 doping,	 and	 this	may	well	 influence	 the	 toxic	 potential	 of	
the	materials.	Moreover,	impurities	such	as	catalyst	residues	and	deficiencies	in	
material morphology are often the reason for toxicity. Since currently no single 
method or machine is able to describe all these properties simultaneously, ENM 
characterization must be performed by using several methods, ant his makes the 
characterization both tedious and expensive (Table 2). By and large, because ENMs 
are	an	enormously	heterogeneous	group	of	materials,	the	scientific	community	
has emphasized the importance of assessing safety of each ENM individually, 
and avoiding group-wide generalization (Heister et al., 2013; Park and Grassian, 
2010; Johnston et al., 2013).

Table 2. ENM characterization methods

Size Shape Surface area Phase 
structure

Chemical 
composition

Surface charge 
(Z-potential)

 

BET 

 

x (dry samples)2

XRD x x x

DLS x1 x (wet samples)1 x

SMPS x1

APS x1

TEM x x x3

SEM x x

AFM x x

 
BET Brunauer-Emmett-Teller method, XRD X-ray diffraction, DLS dynamic light scattering, SMPS scanning mobility  
particle sizer, APS aerodynamic particle sizer, TEM transmission electron microscope, SEM scanning electron  
microscope, AFM atomic force microscope, 1Suitable for spherical materials, 2Suitable for crystalline materials, 3by EDS, 
energy dispersive spectroscopy attached to TEM
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1.3.2. Exposure models

The respiratory system is regarded as the most important route for ENM exposure. 
Therefore, a large proportion of the ENM safety studies have utilized macrophages 
and epithelial cells in the in vitro studies and inhalation or intratracheal instillation 
exposures in the in vivo investigations. In addition, keratinocytes and in vivo 
dermal exposures have been used to study whether ENMs can enter body through 
the skin, while primary hepatocytes and liver cell lines are used to evaluate the 
effects of ENMs being deposited in liver from the blood circulation. Furthermore, 
some in vivo oral exposures have been performed to analyze whether ENMs are 
able to enter body from the gastrointestinal tract (GIT) (Johnston et al., 2013).

ENM exposure studies utilizing cells are cheap, reproducible and relatively 
rapid. In vitro assays can be performed with cell lines, primary cells and also by 
using 2D or 3D co-cultures mimicking better complex tissue environments for 
example in the lung (Johnston et al., 2013). Cell lines can be obtained from nearly 
every tissue. However, cell lines do not always function normally, many processes 
are completely shut down or continuously activated, and therefore the response 
to	exposure	agents	might	not	reflect	true	situations	at	all.	In	contrast,	primary	
cells	 are	more	difficult	 to	 acquire	 and	handle,	not	 to	mention	more	 expensive	
but	 their	 reactions	 to	 stimuli	 reflect	 better	 the	 real-life	 situation.	 An	 example	
of the differences between immortalized cells and primary cells is the uptake of 
polystyrene nanoparticles - the primary macrophages and cells of promonocytic 
THP1 cell line were shown to ingest NPs by two completely different mechanisms 
(Lunov et al., 2011).

In	vitro	studies	can	be	used	for	cytotoxicity,	inflammation	and	genotoxicity	
assessments. Fast and reproducible cell studies are useful in cytotoxicity tests, 
as large numbers of different ENMs can be screened at different time-points. 
The most widely used methods include trypan blue, lactate dehydrogenase 
(LDH)	 and	 MTT	 assays,	 which	 all	 reflect	 distinct	 mechanisms,	 while	 being	
straightforward and relatively cheap. Moreover, genotoxicity screening of ENMs 
is easily conducted with cells, utilizing robust methods such as micronucleus 
and chromosome aberration assays and single cell gel electrophoresis (SCGE or 
Comet), a technique used to study DNA strand breaks. However, genotoxicity 
studies	must	always	be	verified	with	in vivo tests if they are to be used in setting-
up	occupational	exposure	limits.	Inflammatory	cells	such	as	macrophages	can	be	
used	to	study	inflammation	for	example	by	measuring	the	amounts	of	different	
cytokines	after	ENM	treatment	or	by	studying	inflammasome	activation	(Fadeel	
et al., 2012; Palomäki et al., 2011; Lindberg et al., 2009; Palomäki et al., 2010).

Macrophages are professional phagocytes acting at the borderline between 
innate and adaptive immunity. Because of their presence in key locations such 
as	 the	 brain,	 liver,	 lung,	 blood	 and	 skin,	macrophages	 are	 often	 the	 first	 cells	
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to encounter foreign molecules or pathogens. According to their functions, 
macrophages can be divided into classically activated (M1), alternatively activated 
(M2), regulatory, tumor-associated (TAM) and myeloid-derived suppressor cells 
(MDSCs). Of these, M1s are the classical macrophages recognizing and killing 
bacteria, viruses and protozoa, while M2s function in wound healing and inhibit 
inflammation.	 The	 activation	 state	 of	 the	 macrophages	 depends	 on	 the	 local	
environment and switching between activation states is not uncommon (Murray 
and Wynn, 2011).

Under	 normal	 conditions,	 macrophages	 are	 anti-inflammatory,	 since	
they	 secrete	 interleukin-10	 (IL-10),	 a	 potent	 anti-inflammatory	 cytokine.	
Macrophage activation occurs when the cells encounter pathogens, foreign 
molecules or damaged self-tissue. After activation, macrophages start secreting 
pro-inflammatory	 cytokines	 such	 as	 tumor	 necrosis	 factor	 (TNF),	 IL-1	 and	
the	 inflammation	 promoting	 nitric	 oxide	 (NO).	 These	 further	 boost	 the	 local	
inflammation	response.		IL-12	and	IL-23	are	also	secreted	leading	to	polarization	
of TH1 and TH17 cells, which are critical cells that intensify immune responses. 
Therefore, macrophages not only phagocytize foreign material or pathogens but 
also	 enhance	 the	 local	 inflammation	 response	by	 alerting	 and	activating	other	
immune cells (Murray and Wynn, 2011).

The main function of airway epithelial cells (ECs) is to act as a barrier 
between the organism and its surrounding environment, preventing entry of 
foreign molecules, bacteria and gases to the body. Furthermore, they have a major 
role in immunological cascades. ECs recognize foreign molecules, pathogens 
and damaged self-proteins by pattern recognition receptors (PRRs) which are 
present in large numbers at the EC surface. Activation of these receptors leads 
to	 secretion	of	pro-inflammatory	 cytokines	 and	 chemokines	which	 recruit	 and	
activate immune cells such as macrophages, dendritic cells and T-cells (Lambrecht 
and Hammad, 2012). Recently, Juncadella and collaborators (2013) reported 
that ECs were also able to phagocytize apoptotic cells and thus to participate in 
airway clearance. Moreover, they postulated that ECs participated in controlling 
the cytokine environment of the lung.

The effects observed in in vitro	 studies	 are	 difficult	 to	 extrapolate	 with	
confidence	into	responses	in	tissues	not	to	mention	responses	in	human	beings	
(Johnston et al., 2013). Therefore, when assessing nanosafety, in vivo studies are 
still compulsory. The two widely used methods to study the effects of inhaled ENM 
are inhalation exposure and intratracheal instillation (IT) (Johnston et al., 2013). 
The more laborious and expensive of the two is the inhalation exposure. This is a 
whole-body exposure method, where mice are placed in an exposure chamber and 
allowed to inhale aerosolized ENMs, which can be produced in situ with a particle 
generator or a solid particle dispenser (Rossi et al., 2010b). IT experiments do 
not require such specialized equipment and considerably less material is needed. 
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In IT, a suspension containing the ENMs is administered directly to the trachea 
of	the	mice	via	catheter.	Generally,	IT	experiments	have	been	reported	to	inflict	
stronger effects than inhalation exposures, this being speculated to be due to the 
fact that after IT, most of the particles are deposited directly onto the alveoli, 
while in inhalation exposure, particles deposit more evenly throughout the whole 
respiratory	system,	better	reflecting	real-life	situation	(Johnston	et	al.,	2013).

Intravenous (IV) instillations and oral exposures can be used to study the 
distribution of ENMs inside the body. Biodistribution studies provide knowledge 
about the deposition sites of ENMs, therefore giving information on secondary 
targets of the materials. Some materials may cause no effects in the primary 
exposure site, such as the lung or GIT, but once reaching a secondary target 
organ like spleen or liver, then adverse effects are elicited (Johnston et al., 2013). 
Furthermore, IV exposures offer indispensable knowledge about how the ENMs 
used	as	drug	vectors	are	cleared	and	how	the	material	surface	modifications	affect	
clearance and biodistibution (Luo et al., 2013). ENMs can be also injected into 
the peritoneal cavity of mice, which is used to mimic the pleura. In this way, the 
material’s	ability	to	cause	fibrosis	and	lung	cancer	can	be	assessed	(Poland	et	al.,	
2008). In vivo dermal studies are also utilized to investigate the skin penetration 
abilities of ENMs. This is especially interesting because of the use of ENMs in 
many cosmetics, mainly in sunscreens (Elsaesser and Howard, 2012).

Since many of the individuals exposed to ENMs also suffer from underlying 
diseases such as asthma, cardiovascular diseases or skin disorders, it is possible 
that the exposure to ENMs could aggravate the disease. Therefore, ENM safety 
studies have been conducted, utilizing knock-out mice that have been developed 
to mimic many diseases and disorders, further emphasizing the usefulness of in 
vivo studies (Johnston et al., 2013; Rossi et al., 2010a).

In vivo studies can be used to assess acute, sub-acute, sub-chronic and 
chronic effects of ENMs. Moreover, they can be used to study a multitude of end-
points.	For	example,	lung	inflammation	can	be	detected	classically	by	measuring	
neutrophil	influx	into	the	lung	or	by	quantifying	the	expression	of	inflammation	
linked cytokines from lung tissue or from bronchoalveolar lavage (BAL). The 
genotoxic studies such as micronucleus, chromosome aberration and Comet 
assays used in in vitro tests function also in in vivo examinations. The results of 
these studies may then be used for carcinogenicity assessments. Arguably the most 
important in vivo studies regarding ENMs are toxicokinetics studies, which are 
intended to reveal absorption, distribution, metabolism and excretion of ENMs. 
These results can then be widely used in toxicity studies, in risk assessment and 
in the regulation of ENMs (Fadeel et al., 2012).
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1.4. Proteins and proteomics

While DNA is the information library of life, containing all the knowledge about 
how cells, tissues and organisms are constructed and function, the biomolecules 
that make life possible are proteins.  In order for a given gene to be expressed as a 
protein,	it	has	to	be	fi	rst	transcribed	into	mRNA	and	then	translated	into	protein	
in a cascade where every step is tightly controlled. After transcription, mRNA 
can be degraded or otherwise processed thus having an effect on the translation. 
The resulting protein can then be degraded if not needed or if incorrectly folded. 
Proteins	are	also	modifi	ed	by	post	translational	modifi	cations	(PTMs)	profoundly	
affecting the function and activity of the protein and also its localization in the cell 
(Maier et al., 2009). Schwanhäusser and collaborators (2011) have postulated, 
that the correlation between detected levels of mRNA and its corresponding 
protein product is about 40%. They also proposed that the most important factor 
predicting	the	protein	levels	is	the	translation	effi	ciency.

Proteomics investigates the entire protein content of a cell, tissue or 
organism; e.g. research into protein structure, localization, expression changes 
or	interactions	with	other	proteins.	Since	the	term	proteomics	was	fi	rst	coined	
in 1995, the proteomic methods have evolved by leaps and bounds. In recent 
years, it has become possible not only to identify large amounts of proteins from 
a dilute biological sample but also to do it in a quantitative manner (Coombs, 
2011). Proteome research adds a new information layer to functional genetics: 
whereas the latter is unable to state whether the genes or mRNAs really end up 
being functional proteins, proteomics detects only the proteins that are translated, 
which are, therefore, having an effect in the cell or tissue. Furthermore, proteomic 
methods are able to detect protein isoforms and PTMs, such as phosphorylation, 
glycosylation or acetylation (Phanstiel et al., 2011; Desaire, 2013; Choudhary et 
al.,	2009).	Figure	5	illustrates	gel-based	and	MS-based	proteomics	workfl	ows.

Figure 5. Proteomics workfl ow.

INTRODUCTION



19

1.4.1. Protein and peptide separation

Even though not expressed simultaneously and in every cell and tissue, the 
human genome contains over 20 000 genes. The amount of proteins these genes 
encode is drastically larger, since mRNAs can be alternatively spliced and protein 
functions are controlled by PTMs (Smith et al., 2013). Therefore, in order to 
obtain	maximal	amount	of	identified	proteins,	protein	fractionation	is	necessary.	
Already when extracting the proteins, the sample can be fractionated for example 
into membrane proteins (Thimiri Govinda Raj et al., 2011), cytoplasmic proteins 
(Hempel et al., 2011) and nuclear proteins (Lelong et al., 2012) in an attempt to 
reduce sample complexity. These procedures can be carried out with gradient 
centrifugation and different detergent treatments, or by utilizing commercial 
kits, which are becoming more and more available. Apart from making samples 
less complex, sample fractionation provides new information about protein the 
localization and proteomes of distinct cell compartments (Zhang et al., 2013).

Another problem encountered in many complex protein mixtures, especially 
in plasma, is the dynamic range, meaning that a few proteins dominate in terms 
of abundance, while the most interesting proteins are present only in minute 
concentrations. Therefore, also the detection of the less abundant protein is 
difficult	(Wilson,	2013).	To	tackle	this	problem,	the	most	abundant	proteins	can	be	
depleted from the sample or the dynamic range can be selectively equalized. The 
problem with depletion is that the high abundant proteins might be adhering to 
other proteins, in the worst case scenario resulting in the depletion of the protein of 
interest. The selective equalization is based on ligand libraries containing millions 
of hexapeptides, which bind proteins. Only the proteins which bind to ligands 
are collected and analyzed. In this technique, the ligands of the most abundant 
proteins are quickly saturated and only a portion of them is taken to the analysis, 
while the rest are discarded. The down-side of equalization is that proteins must 
have	an	affinity	for	the	ligands	in	order	to	be	included	in	the	analysis	(Selvaraju	
et al., 2012).

After fractionation and possible equalization, proteins and peptides are usually 
further separated by their properties such as size, charge and hydrophobicity. The 
separations can be performed in tandem by different properties to achieve better 
resolution (Egas and Wirth, 2008). The most widely used technologies for protein 
and peptide separation are gel electrophoresis and chromatography techniques.

 

1.4.1.1. Gel-based

Gel electrophoresis can be one- (1DE) or two-dimensional (2DE). 1DE of proteins 
is a powerful separation method, where proteins are separated according to 
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their size inside polyacrylamide slab gels using electric current. After separation, 
proteins are visualized with different dyes such as Coomassie, silver staining or 
fluorescent	dyes.	After	staining,	protein	bands	or	spots	can	be	excised	from	the	
gel, digested in-gel and analyzed with MS (Graves, 2002).

1DE can resolve proteins in the molecular mass range of 10-300 kDa (Graves, 
2002). In 1DE, proteins are usually denatured with SDS and heat treatment. 
Denaturation ensures that hydrophobicity has no effect on protein migration 
inside the gel, while SDS also confers a constant, negative charge on the proteins. 
Therefore, proteins are only separated according to their molecular weight. 
Separation by size is performed by gel sieving. The pore size of the gel can be 
used to control migration of proteins. In gels with small pores, the large proteins 
become stuck and therefore the smaller proteins are better separated. The optimal 
pore radius for separation of proteins between molecular weights from 10 to 200 
kDa has been postulated to be 10 nm (Egas and Wirth, 2008). 

Complex protein mixtures contain many proteins with the same molecular 
weight. Therefore, in many proteomic experiments, protein separation only 
by	size	 is	not	adequate.	 In	2DE,	proteins	are	first	separated	according	 to	 their	
isoelectric point (pI) in isoelectric focusing (IEF). This is followed by separation 
according to molecular weight. A routine 2DE experiment is able to resolve up to 
2000 protein spots, revealing also protein isoforms and PTMs (Egas and Wirth, 
2008; Gorg et al., 2004).

1.4.1.2. Chromatography-based

Since 2DE is relatively time consuming and offers low throughput, chromatography-
based protein and peptide separation methods are being increasingly used. Mass 
spectrometry based proteomics usually utilizes liquid chromatography (LC) to 
separate peptides. Chromatography can be performed off-line or on-line coupled 
to a mass spectrometer. The most widely used method combining on-line LC and 
MS is reversed-phase liquid chromatography (RPLC), which separates peptides 
due to their hydrophobicities (Zhang et al., 2013).

Multiple off-line chromatography methods are available, to enhance peptide 
detection. Size-based separation can be achieved by applying size-exclusion 
chromatography (SEC). This method is well suited for MS, because no detergents 
are needed. Other methods include the use of strong cation exchange (SCX) 
to separate peptides by charge or the exploitation of immobilized metal ion 
affinity	chromatography	(IMAC)	which	can	be	used	to	identify	proteins	carrying	
genetically engineered hexahistidine tags (Egas and Wirth, 2008). IMAC is also 
suited for PTM analysis, where it can be used to enrich phosphopeptides (Zhang 
et al., 2013).
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One method taking advantage of the best parts of gel-based and mass 
spectrometry based proteomics is 1DE coupled to LC-MS (GeLCMS). In GeLCMS, 
proteins are separated in 1DE and the resulting protein lanes are cut into 10-20 
pieces, which are digested and analyzed with LC-MS. The 1DE step is fast, robust 
and reproducible, removing impurities and reducing sample complexity, while 
splice isoforms and degraded proteins are also better differentiated (Lundby and 
Olsen, 2013).

1.4.2.	 Mass	spectrometry	and	protein	identification

The main driver of proteomics progression has been the evolution of mass 
spectrometry. The introduction of soft ionization methods, electrospray ionization 
(ESI) (Yamashita and Fenn, 1984) and matrix-assisted laser desorption ionization 
(MALDI) (Karas et al., 1985), which do not cause degradation of proteins and 
peptides,	 have	 made	 possible	 protein	 identification.	 The	 developers	 of	 ESI	
and MALDI were awarded the Nobel Prize in Chemistry in 2002, highlighting 
the importance of soft ionization methods for proteomics and for biological 
macromolecule analysis.

The basic components of nearly all mass spectrometers are as follows: ion 
source, mass analyzer and the detector (Van Oudenhove et al., 2013). In the ion 
source, such as ESI or MALDI, the peptides are ionized. ESI is usually coupled 
to LC, because it is able to ionize peptides from liquids. Peptides or proteins are 
ionized using high voltage between the outlet of the LC and the inlet of the mass 
spectrometer. In MALDI, the ionization is performed by applying laser energy 
into peptides or proteins which are immobilized in a special matrix. Heat from 
the laser desorbs the matrix from the samples and [M + H]+ ions from the sample 
are released into the gas phase. While MALDI not as compatible to LC coupling 
as ESI, MALDI is a good method for the analysis of intact proteins. The mass 
analyzer is used to store and separate the ions according to their mass to charge 
ratio (m/z). Most mass analyzers use either scanning, ion-beam or trapping to 
analyze ions. While ion sources and mass analyzers can be combined in different 
configurations,	the	most	common	are	MALDI	coupled	to	TOF	and	ESI	coupled	
to trapping or ion-beam devices. In addition, many mass analyzers can be used 
in the same instrument, such as three quadrupoles in tandem (triple quadrupole, 
TQ), ion trap and orbitrap or TQ and ICR. These hybrid instruments provide even 
better resolution and mass accuracy (Table 3) (Yates et al., 2009).
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Table 3. Different mass analyzers and their properties.  Data from Yates et al., 2009 and Zhang et al., 2013

 

Mass analyzer 

 

Benefits

 

Drawbacks

 
Quadrupole (Q)

 
high dynamic range

 
medium scan rate, low  
resolution, low mass accuracy

 
Ion trap

 
fast scan rate

 
medium dynamic range, low 
resolution, low mass accuracy

 
Time-of	–flight	(TOF)

 
fast scan rate, high mass accuracy, high 
dynamic range

 
medium resolution

 
Orbitrap

 
high mass accuracy, high resolution

 
medium scan rate, medium 
dynamic range

 
Fourier transform ion 
cyclotron resonance 
(FTICR)

 
extremely high mass accuracy, high 
resolution

 
medium dynamic range, slow  
scan rate

Proteins are enzymatically digested into peptides to facilitate protein 
identification.	Digestion	can	be	performed	 in-gel	or	 in-solution	using	a	variety	
of different enzymes. The most widely used enzyme is trypsin, which cleaves 
proteins at the C-terminal to residues Lys and Arg. Trypsin is also resistant to auto-
cleavage and is able to produce peptides with an average length of 14 amino acids 
carrying at least two positive charges (Switzar et al., 2013). In order to identify 
the peptides, the obtained peptide masses obtained from mass spectrometry are 
compared	with	 sequence	databases.	The	 identifications	 can	be	made	based	on	
peptide	masses,	called	peptide	mass	fingerprints	(PMFs),	or	based	on	fragmented	
peptides, called tandem mass spectra (MS/MS). In PMF, the comparison methods 
utilize	molecular	weights	of	peptides;	the	key	is	to	use	specific	proteases	which	
cleave	proteins	site-specifically	(Sadygov	et	al.,	2004).	In	contrast,	MS/MS	based	
peptide	identification	compares	observed	MS/MS	spectra	to	theoretical	fragment	
ion spectra (Deutsch et al., 2008).

Modern mass spectrometers produce a huge amount of data in large-
scale proteomics exercises that manual interpretation of spectra for protein 
identifications	 is	 impossible.	 Consequently,	 many	 automated	 programs	
employing algorithms for matching MS/MS spectra to sequences in vast libraries 
have been developed. The two widely used algorithms are Mascot (Perkins et 
al., 1999) and SEQUEST (Eng et al., 1994). Mascot calculates the likelihood of 
an experimental MS/MS spectrum being able to match a theoretical MS/MS 
spectrum by chance: the end product is a probability score. Furthermore, a decoy 
search can be performed by matching MS/MS spectra to reversed or scrambled 
peptide sequences giving the false discovery rate (FDR) for the match (Choi et 
al.,	2008).	SEQUEST	algorithm	uses	two	calculations	for	the	identification.	The	
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first	one	 is	called	XCorr	and	 it	provides	a	statistical	value	of	 the	correlation	of	
between experimental and the calculated spectra. The algorithm then calculates 
∆CN	which	is	the	difference	between	the	best	and	second	best	spectrum	match	
(Sadygov et al., 2004). However, it should be kept in mind that the algorithms 
are not perfect, manual validation of the spectra is still needed, at least for the 
identifications	with	the	lowest	scores	(Zhang	et	al.,	2013).

1.4.3. Quantitative proteomics

Quantitative proteomics can be gel-based or MS-based. The gel-based most 
often utilizes 2DE and the actual quantitation of proteins is performed analyzing 
intensities of the stained protein spots in the gel. MS-based quantitation, on the 
other hand, relies on a combination of reproducible liquid chromatography, mass 
spectrometry and bioinformatics.

1.4.3.1. Gel-based quantitation

In 2DE, treated and untreated samples are run in different gels, proteins are 
visualized	by	silver	staining,	Coomassie	or	fluorescent	stains	and	image	analysis	
software is used to detect differences in spot intensities. Differently expressed 
protein spots are then excised, in-gel digested and analyzed by MS (Görg et al., 
2004). Many successful studies have employed this protocol ranging from the 
characterization of viral infection (Öhman et al., 2010) to evaluating the effects 
of TiO2 on macrophages (Cha et al., January 2007). The main challenge in 2DE 
quantitation is to achieve reproducible gel separation. Inconsistent protein 
migration	 leads	 to	 difficulties	 in	 spot	 matching.	 Furthermore,	 incorrect	 spot	
matching increases the possibility of false positives and negatives. Moreover, the 
sensitivity and dynamic range of the used protein stains are still rather low, while 
also the analysis of hydrophobic proteins requires special methods (Rogowska-
Wrzesinska et al., 2013).
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Figure 6. 2D-DIGE workfl ow. Samples are labeled with fl uorescent tags (Cy3 or Cy5) prior to IEF. The internal 
standard containing an identical amount of all samples is labeled with Cy2. Samples are then combined and 2DE is 
performed. Image analysis software is used to quantify protein expression via their spot intensities. Differentially ex-
pressed protein spots are excised, in-gel digested and identifi ed by MS and database searches. IEF isoelectric focusing

The invention of the DIGE method (Figure 6) has provided better spot 
matching, sensitivity and reproducibility of the gel electrophoresis (Ünlü et al., 
1997).	In	DIGE,	proteins	are	labeled	with	fl	uorescent	dyes	prior	to	IEF.	The	dyes,	
called CyDyes, are incorporated into the proteins via an N-hydroxysuccinimide 
(NHS)	ester	reactive	moiety	which	binds	to	the	ε-amino	groups	of	lysine	residues.	
Three different CyDyes are available for DIGE, each emitting light at different 
wavelengths; Cy2 at 506 nm, Cy3 at 565 nm and Cy5 at 680 nm. CyDyes coupled 
with NHS have identical pIs and MW and thus they do not to distort IEF or gel 
electrophoresis. In a typical DIGE experiment, treated and untreated proteins 
are stained with Cy3 and Cy5. In addition, an internal standard, containing an 
identical amount of all samples is labeled with Cy2. The three samples are then 
combined and 2DE is performed. Subsequently software such as DeCyder from 
GE Healthcare is used to quantify spot intensity. The main advantage of DIGE 
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compared to classic 2DE is that treated and untreated samples can be analyzed in 
the same gel together with the internal standard. This greatly reduces gel-to-gel 
variation, while the presence internal standard facilitates spot matching and can 
be used to standardize protein expression changes. These characteristics have 
made DIGE the gold-standard of gel-based quantitation (Coombs, 2011). DIGE 
has been utilized successfully in numerous proteomic studies such as secretome 
analysis (Garcia-Lorenzo et al., 2012), oxidative stress studies (Aparicio-Bautista 
et al., 2013) and in biomarker research (Rostila et al., 2012; Mustafa et al., 2013; 
Hamelin et al., 2011).

1.4.3.2. MS-based quantitation

The invention of better software algorithms and protein labels together with the 
evolution of MS equipment and increased genome information have enabled mass 
spectrometry based protein quantitation. Novel MS-based proteome analyses 
surpass the gel-based versions by being more high-throughput and resulting in 
more	protein	identifi	cations	but,	at	the	same	time,	they	offer	quantitation	of	the	
identifi	ed	proteins	and	they	possess	a	much	improved	dynamic	range.	The	two	
main classes of mass spectrometry based quantitation are stable isotope labeling 
and label-free quantitation. Stable isotope labeling is then further subdivided into 
absolute quantitation and relative quantitation (Coombs et al., 2011). 

 

Figure 7. Stable isotope labeling. The fi gure illustrates work-fl ows of MS-based quantitative proteomics taking advan-
tage of stable isotope labeling. MS mass spectrometry, SILAC stable isotope labeling of cell culture, ICAT isotope coded 
affi nity tag, iTRAQ isobaric tags for relative and absolute quantitation, TMT tandem mass tags
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Stable isotope labeling can be performed at the MS1 and MS2 levels (Figure 7). 
Most	of	the	stable	isotope	labeling	techniques,	such	as	isotope	coded	affinity	tag	
(ICAT) (Gygi et al., 1999), dimethyl labeling (Hsu et al., 2003) and 18O (Reynolds 
et al., 2002), rely on MS1 level quantitation. In these methods, isotopes are 
incorporated to proteins prior to digestion. Many of these labels, however, induce 
a shift in the retention time and this makes data analysis more complicated. The 
use of metabolic labels such as stable isotope labeling of cell culture (SILAC), 
which is based on incorporation of labeled essential amino acids in whole cells, 
can simplify data analysis because all of the samples can be run in the same LC-MS 
analysis. In SILAC, cells are grown either in normal media or media containing 
heavy amino acids such as 13C6-arginine and 13C6-lysine. Labeled and unlabeled 
protein samples are mixed after extraction, and the peptides containing light and 
heavy isotopes can then be distinguished and quantitated at the MS1 level (Ong, 
2012). Two major techniques utilizing quantitation of fragmented peptides at 
the MS2 level are isobaric tags for relative and absolute quantitation (iTRAQ) 
(Ross et al., 2004) and tandem mass tags (TMT) (Dayon et al.,2008). The main 
advantage of using isobaric tags is the possibility for multiplexing (up to 8), since 
in MS1 based quantitation, the analysis is restricted to two or three experimental 
conditions. The isobaric tags, consisting of a mass reporter, a cleavable linker 
which balances the mass and an amine reactive group, are incorporated into 
digested peptides. MS2 level quantitation is based on the intensity of the mass 
reporter, which is released when the linker is fragmented in the mass spectrometer. 
Labeling	digested	peptides	achieve	better	labeling	efficiency	when	using	metabolic	
labeling,	 since	 in	SILAC,	 the	 labeling	 efficiency	depends	on	 cell	divisions.	The	
major drawback of MS2 level quantitation occurs when the target peptide is 
fragmented simultaneously with a coeluting peptide. This results in a mixture 
of fragment ions from both the target peptide and peptides with similar m/z, 
thus the reporter ion intensities originate from a mixture of peptides, not only 
from the target. This problem is not an issue when using MS1 based quantitation 
(Zhang et al., 2013).

Two main lineages of label free quantitation exist: spectrum counting (Liu 
et al., 2004) and ion intensity based quantitation (Bondarenko et al., 2002). 
Spectral counting is based on the number of observed spectra from peptides of a 
given protein – abundant proteins are counted more often than scarce proteins. 
In contrast, ion intensity based quantitation relies on the chromatographic peak 
area of the peptides. The area is proportional to the ion intensity of a peptide. Both 
of these methods have their strengths and weaknesses: spectral counting fails 
to quantify low abundant proteins, while ion intensity based quantitation relies 
on the reproducibility of LC-MS/MS runs. Label free protein quantitation offers 
even greater analytical depth and a better dynamic range than methods based 
on labeling. In addition, label free techniques are not affected by incomplete tag 
incorporation and are inexpensive. However, they do require more instrument 
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time, highly reproducible LC separation and advanced data analysis (Schulze and 
Usadel, 2010).

While MS-based quantitative proteomics clearly outperforms gel-based in 
the	number	of	identified	proteins	and	quantitation	efficiency	(Coombs,	2011),	the	
gel-based methods still offer robust and effective protein quantitation. One of 
the advantages of gel-based methods over MS-based is the analysis of protein 
PTMs. The PTM changes can be readily seen in the 2D gels as shifts in the pI 
of protein spots, whereas the detection of PTMs by mass spectrometry is much 
more laborious. Moreover, gel-based quantitation can be used to detect protein 
modifications,	such	as	carbonylation	and	thiol	oxidation,	that	cannot	be	enriched	
for MS-based methods (Rogowska-Wrzesinska et al., 2013).

1.4.4. Data analysis

Proteomics	experiments	produce	data	in	the	form	of	protein	identification	lists	
and	quantification	information.	Single	protein	identification	and	a	change	in	its	
expression	after	a	given	stimulus	is	not	sufficient	to	be	used	as	a	starting	point	
for	hypothesis.	Furthermore,	the	large	number	of	identifications	obtained	from	
proteomics exercises makes data analysis time-consuming. Thus, several tools 
and databases have been constructed which assist in the in-depth analysis of 
protein expression changes and thus correct interpretation of the results becomes 
possible (Malik et al., 2010). 

Gene ontology (GO) (Ashburner et al., 2000) is the most basic step in screening 
proteomic data. It is used to characterize proteins by a given number of terms. Since 
the number of terms is limited, the ambiguity of protein terminology is reduced, 
thus facilitating automated analyses. The GO is a hierarchical structure. On top 
of the hierarchy are three main GO-categories: ‘biological process’, ‘molecular 
function’	 and	 ‘cellular	 component’.	 Each	 GO-entry	 is	 given	 a	 GO-identifier	 in	
a number format and a term belonging into one of GO-categories. The terms 
represent nodes in the hierarchy and they can have one or more child nodes. 
In addition, one child node can have numerous parent nodes which means that 
there are several information layers available in the protein function description. 
A given protein can be afforded one or several terms in all GO-categories (Malik 
et al., 2010). GO information can be used in downstream processing to detect 
enriched GO annotations in the proteomic data set. Especially in large data-sets, 
enriched terms can provide valuable information about activated and deactivated 
processes in different conditions. One example of a widely used enrichment tool 
is DAVID (Malik et al., 2010).

The next steps in data interpretation are pathway analysis and protein 
interactions. Pathway analysis describes physical and functional interactions 
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between proteins, which makes pathway analysis a useful method for investigating 
signal transduction, metabolic processes and cell cycle progression. The data in 
pathway analysis databases is manually curated and more detailed than that 
obtained in protein interaction databases. A plethora of free and commercial 
pathway analysis tools exist, the most popular being Kyoto encyclopedia for 
genes and genomes (KEGG) (Ogata et al., 1999), Reactome and Ingenuity 
pathway analysis (IPA). Enrichment tools such as DAVID offer additional 
value in highlighting over-represented pathways in proteomic data sets. Since 
most of the cellular processes are performed by protein complexes rather than 
single proteins, additional information on protein functions can be obtained 
from protein-protein interaction (PPI) databases. PPI resources such as Human 
protein reference database (HPRD) and IntAct contain information on physical 
and functional interactions assembled from experimental and computational 
data (Malik et al., 2010).

1.4.5. ENM health effect studies utilizing proteomics

Proteomics has been so far utilized sparingly in ENM safety research (Table 4). 
Mostly studies have utilized proteomics for protein corona investigations (Tenzer 
et al., 2013; Cedervall et al., 2007; Jedlovszky-Hajdu et al., 2012) and only a few 
in vivo studies with proteomics methods have been published. One study found 
high-sensitivity	inflammation	marker	proteins	from	mice	lung	after	the	animals	
were exposed to swCNTs two times per week for three weeks by pharyngeal 
aspiration (Teeguarden et al., 2011). Another study compared the effects of inhaled 
silver nanoparticles (AgNPs) in allergic and healthy mice. Here the mice inhaled 
AgNPs on 7 days for six hours per day and the proteomes of plasma and BAL were 
analyzed, revealing immunotoxic markers in BAL in both healthy and asthmatic 
mice (Su et al., 2013). In addition, Gao and collaborators (2011) characterized an 
early response in lymph nodes 24 hours after intradermal injection of nTiO2s. All 
of the in vivo ENM proteomics studies have utilized mass spectrometry based 
proteome analysis.
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Table 4. Nanosafety studies utilizing proteomics

Reference 
 

Exposure route / Cell 
line

Material Method Main conclusions

 
In vivo 

 (Teeguarden et 
al., 2011) 

Pharyngeal 
aspiration

swCNT, asbestos, 
carbon black

LC-MSMS, label-
free quantitation

Inflammation,	
Oxidative stress

(Su et al., 2013) 
 

Inhalation AgNP LC-MSMS, 
qualitative

Immune 
responses

(Gao et al., 
2011) 

Intradermal injection TiO2 LC-MSMS, 
isotope labeling

Early response in 
lymph nodes

 
In vitro 

(Ge et al., 2011) BEAS-2B TiO2 2D-DIGE-MSMS Oxidative stress

(Gonçalves et 
al., 2010) 

Primary neutrophils TiO2 Protein array Neutrophil 
activation

(Haniu et al., 
2006) 

U937 mwCNT 2DE-MSMS Response to stress

(Yuan et al., 
2011) 
 

HepG2 swCNT LC-MSMS, 
iTRAQ 
quantitation

Oxidative stress

(Tilton et al., 
2013)

3D culture (THP-1, 
Caco-2/HT29-MTX)

TiO2 nanobelts, 
swCNT

LC-MSMS, label-
free quantitation

Cell proliferation

Proteomics has been exploited more in in vitro studies. In these, nTiO2 has 
been shown to cause expression changes in defense-related and cell-activating 
proteins	 and	 also	 to	 inflict	 oxidative	 stress	 to	 BEAS-2B	 cells	 (immortalized	
bronchial epithelial cell line) (Ge et al., 2011) and to activate primary human 
neutrophils (Gonçalves et al., 2010). In these experiments, Ge and collaborators 
(2011) utilized two-dimensional difference gel electrophoresis (2D-DIGE). The 
human neutrophil study took advantage of a more unconventional proteomic 
method, the namely protein array. The safety of CNTs in vitro has been analyzed 
with both gel-based proteomics and with mass spectrometry based proteomics. 
Haniu and collaborators (2006) used 2DE to detect proteome changes in U937 
human monoblastic leukemia cell line after treatment with two different mwCNTs, 
finding	similarly	activated	signaling	cascades	such	as	the	response	to	stress	and	
cell death, while some proteins changes were unique to mwCNT type. In another 
study, Yan and others (2011) studied the effects of swCNTs on human hepatoma 
cells (HepG2) by using iTRAQ coupled with LC-MS/MS; they found oxidative 
stress and interference with protein synthesis.

In a more complex study design, the effects of TiO2 nanobelts and mwCNTs 
were compared in SAE (primary small airway epithelial) and THP-1 cells and 
in Caco-2/HT29-MTX (intestinal epithelial cell line/goblet cell line) co-cultures 
in low and high concentrations for 1 and 24 hours using transcriptomics and 
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quantitative MS-based proteomics. The results indicated that at early time-points 
the cells reacted to ENMs similarly by a displaying generic response to an insult, 
however, after a longer exposure period, mwCNTs activated the cell through a 
distinct mechanism by activating cell proliferation, anti-apoptotic and DNA 
repair mechanisms (Tilton et al., 2013).

The available proteomic methods and instruments offer one tool for the 
nanosafety	 research	 field,	 where	 high	 throughput	 approaches	 are	 needed.	
Moreover, proteomic exercises can be included in large scale systems biology 
studies, which produce data that can be used to distinguish safe ENMs from 
dangerous.
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2. AIMS OF THE STUDY

The novel physical and chemical properties of engineered nanomaterials have 
made nanotechnology one of the major successes of 21st century.  However, some 
ENMs	have	been	shown	to	inflict	adverse	effects in vitro and in vivo. Thus far, 
very few studies investigating the health effects of ENMs by proteomic techniques 
have	been	performed.	Here,	our	goal	was	to	analyze	the	crucial	first	steps	after	
ENMs come into contact with biological systems by utilizing proteomic methods. 
The	specific	aims	were:

•	 To	study	the	interactions	of	ENMs	with	plasma	and	cellular	proteins		
 and to determine whether all ENMs are taken up by relevant cells of the  
 respiratory system; human primary macrophages and lung epithelial  
 cells (I).

•	 To	elucidate	the	cytoplasmic	proteome	changes	after	exposure	to	silica		
 coated and uncoated titanium dioxide in macrophages and to evaluate  
 the effects of ENM coating to particle toxicity (II).

•	 To	investigate	and	compare	the	effects	induced	by	two	types	of	long			
 carbon nanotubes and asbestos on macrophage protein secretion and to  
 analyze the impact of CNT morphology to toxic effects (III).
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3. MATERIALS AND METHODS 

3.1. Materials used

The used ENMs are listed in Table 5. The composition of the materials 
was determined by energy dispersive spectroscopy (EDS; ThermoNoran 
Vantage,	Thermo	Scientific,	Breda,	The	Netherlands)	attached	 to	 transmission	
electron microscope. The crystallinity and phase structure of nanopowders 
were characterized with X-ray diffractometer (Siemens D-500, Siemens AG, 
Karlsruhe,	Germany)	 and	 specific	 surface	 area	 of	 the	 used	 nanomaterials	was	
measured by adsorption, using the Brunauer-Emmett-Teller (BET) method 
(Coulter Omnisorp 100CX, Florida, USA). The morphology of the materials was 
determined with a scanning electron microscope SEM (Zeiss ULTRAplus FEG-
SEM, Carl Zeiss NTS GmbH, Oberkochen, Germany). Surface charge of the 
materials was analyzed with Zetasizer Nano ZS (Malvern Instruments Inc, UK) 
instrument. The principle of the measurement has been described by (Jiang et al., 
2009). SEM images of ENMs are shown in the Supporting information 7 (I) and 
Table 1 (III). ENMs were characterized both in the dry form and in dispersion. 

 
Table 5. Materials used in the study.

Name Vendor Size Publ.

 
rTiO2 silica coated 

 
Sigma-Aldrich

 
10 × 40 nm

 
I, II

rTiO2 alumina coated Kemira ~14 nm I

rTiO2 silicone coated Kemira ~14 nm I

r/aTiO2 NanoAmor 30-40 nm I, II

aTiO2 Sigma-Aldrich <25 nm I

rTiO2 coarse Sigma-Aldrich <5	μm I, II

ZnO Umicore 30-35 nm I

SiO 

2

NanoAmor 10 nm I

mwCNT SES Research 10-30	nm	×	1-2	μm I

swCNT SES Research <2	nm	×	1-5	μm I

Quartz sand US Silica <5 µm I

Asbestos (Crocidolite) Pneumoconiosis Research Centre 180 nm × 4.6 µm III

Long tangled mwCNT Cheaptubes Inc 8-15 nm × 10-50 µm III

Long rigid mwCNT Mitsui&Co, Ltd <50 nm × ~13 µm III
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3.2. Cell culture

Human primary macrophages (I, II, III) were differentiated from the leukocyte-
rich buffy coats of healthy blood-donors (Finnish Red Cross Blood Transfusion 
Service, Helsinki, Finland). The differentiation of macrophages was performed by 
isolating peripheral blood mononuclear cells from the buffy coats by Ficoll-Paque 
-gradient centrifugation after which the mononuclear cell layer was harvested. 
After washing the harvested cells three times with PBS (pH 7.4), the mononuclear 
cells were allowed to adhere onto six-well plates (1.4 million cells/well) for 50 
minutes in RPMI 1640 medium supplemented with 2 mM L-glutamine and 1% 
PEST in +37°C 5% CO2. The cells were then washed three times with PBS and 
after the last wash the adhered cells were given 0.5 ml Serum-Free Macrophage 
medium (Invitrogen, Carlsbad, CA, US) supplemented with 10 ng/ml granulocyte-
macrophage colony-stimulating factor (GM-CSF, ImmunoTools GmbH, Germany) 
and 1% Penicillin-Streptomycin (PEST). The macrophage medium was changed 
every two days. Maturated macrophages were used for the exposure studies on 
the seventh day after the cell harvesting.

Human lung epithelial cells (I) (A549, ATCC, Manassas, VA, US) were 
cultured in RPMI 1640 medium (Invitrogen, Carlsbad, CA, US) supplemented 
with 10% of heat inactivated fetal bovine serum (FBS), 1% PEST antibiotics and 2 
mM L-glutamine. All cells were grown in +37°C 5% CO2.

Human monocytic leukemia cell line THP-1 (II) was obtained from the 
American Type Culture Collection (ATCC, US; cat. TIB-202) and grown in RPMI 
1640 medium (Invitrogen, Carlsbad, CA, US) supplemented with 1% L-glutamine, 
10% FBS (Gibco Life Sciences, Carlsbad, CA, US), 1% HEPES (Lonza, Basel, 
Switzerland), 1% PEST, 1% non-essential amino acids (Lonza, Basel, Switzerland) 
and 0.05 mM 2-mercaptoethanol (Lonza, Basel, Switzerland). Monocytes were 
differentiated to macrophages, by culturing the THP-1 cells for 48 h in the standard 
culture medium supplemented with 100 nM phorbol 12-myristate 13-acetate 
(PMA; Sigma-Aldrich, St. Louis, MO). In the ROS assays, the cells were seeded 
into 24-well plates in concentration of 2.5 × 105 / well

3.3. Cell Exposure Protocols

3.3.1. In vitro exposure conditions for TEM analysis (I) 

Nanomaterials were sonicated for 15 minutes in an ultrasonic bath. Primary 
macrophages were exposed to either 5 or 300 µg/ml of nanomaterials in Serum-
Free Macrophage medium supplemented with 10 ng/ml GM-CSF, 1% PEST and 
1% bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO, US) and incubated 
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24 hours in +37°C 5% CO2. On the next day, the cells were washed two times 
with	PBS	(pH	7.4),	fixed	with	2.5%	glutaraldehyde	in	0.1	M	phosphate	buffer	and	
removed from the plate by scraping.

Exposure to epithelial cells was carried out with 5 or 300 µg/ml of sonicated 
(15 minutes) ENMs in RPMI 16400 medium containing 10% of heat inactivated 
(FBS), 1% PEST antibiotics and 2 mM L-glutamine. The cells were exposed for 24 
hours in +37°C 5% CO2, washed two times with PBS and removed from the plate 
by	trypsination	and	fixed	with	2.5%	glutaraldehyde	in	0.1	M	phosphate	buffer.

After	fixation,	cells	were	post-fixed	in	1%	osmium	tetroxide,	dehydrated	and	
embedded in epon. Thin sections were collected on uncoated copper grids, stained 
with uranyl acetate and lead citrate and then examined with a transmission 
electron microscope operating at an acceleration voltage of 80 KV (JEM-1220, 
Jeol Ltd., Tokyo, Japan).

3.3.2. Analysis of Cytoplasmic Proteins (II) 

Prior to in vitro exposure, a stock suspension was made in glass tubes containing 
900 µg/ml nanomaterials in  Serum-Free Macrophage medium supplemented 
with 10 ng/ml granulocyte-macrophage colony-stimulating factor and 1% (V/V) 
PEST. Bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO) was added to 
a	final	concentration	of	0.6	mg/ml	in	order	to	reduce	aggregate	formation.	The	
stock	was	sonicated	for	20	minutes	and	diluted	to	a	final	concentration	of	300	µg/
ml in Serum-Free Macrophage medium supplemented with 10 ng/ml GM-CSF 
and 1% (V/V) PEST for the exposures. Cells were exposed for 24 h in 6-well plates 
in +37°C 5% CO2. Serum-Free Macrophage medium supplemented with 10 ng/
ml GM-CSF and 1% (V/V) PEST was used as a negative control. After treatment, 
cells were washed three times with warm DPBS (Dulbecco’s Phosphate-Buffered 
Saline, Gibco Life Sciences, Carlsbad, CA, US) and removed from the plates 
by trypsination and scraping. The cytoplasmic proteins were enriched with 
QProteome Mitochondria Isolation Kit (Qiagen, Valencia, CA, US).

3.3.3. Analysis of Secreted proteins (III)

Fiber suspensions for experiments were prepared by weighing the materials 
into	glass	tubes	and	diluting	them	to	1	000	μg/ml	stock	solution	with	2%	fetal	
bovine serum in phosphate buffered saline (FBS/PBS) which was sonicated for 
20 minutes at +30°C in a water-bath. The stock solution was further serially 
diluted	 to	 a	 final	 concentration	 of	 100	 μg/ml	 in	 Serum-Free	 Macrophage	
medium and again sonicated for 20 minutes at 30°C just before cell exposures. 
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Old media was carefully removed and replaced with new media containing 100 
μg/ml	fibers.	Macrophages	were	allowed	to	ingest	materials	for	two	hours.	The	
cells were washed twice with DPBS and incubated for 4 h with RPMI-1640 with 
supplemental 1% PEST and L-glutamine before supernatant collection. Each 
macrophage sample represented a pool of separately stimulated cells from three 
different blood donors. Four independent repeat experiments were performed. 
 

3.4. Determination of Radical Production (II) 

The effect of r/aTiO2 and rTiO2 silica nanoparticles on ROS generation was assessed 
both	 in	THP-1	 cells	 and	 in	 the	 cell-free	 environment.	 2’,7’-Dichlorofluorescein	
diacetate (DCFH-DA, Calbiochem, Germany) was used to detect intracellular 
ROS	production.	 After	DCFH-DA	 crosses	 cell	membrane,	 it	 is	 de-esterified	 to	
non-fluorescent	2’,7’-dichloridihydrofluorescin	(DCFH),	which	is	unable	to	pass	
cell membranes and therefore stays in the cells. DCFH is oxidized to intracellular, 
fluorescent	2’,7’-Dichlorofluorescein	(DFC)	by	reactive	oxygen	species	(LeBel	et	
al., 1992; Jacobsen et al., 2008). In addition, in the cell free environment, DCFH-
DA can be chemically hydrolyzed with 0.01 M NaOH to DCFH in order to measure 
materials’ radical production ability (LeBel et al., 1992). 

In the measurements THP-1 cells were seeded into 24-well plates (Wallac 
Visiplate, PerkinElmer, Belgium). Two washes with PBS were performed and 
DCFH-DA (0.01 mM diluted to PBS) was added to the cells for 1 h. Excess DCFH-
DA was washed away with PBS followed by exposure with 3, 30 and 300 µg/ml 
NP suspensions (in PBS sonicated for 20 minutes) for 3 h with three replicates. 
A parallel experiment using DCFH was performed in cell-free environment (two 
replicates) and appropriate unlabelled controls were included to experiments. DFC 
was	determined	at	λex	490	and	λem	520	nm	on	a	fluorescence	spectrophotometer	
(Victor Wallac-2 1420, Perkin Elmer, Belgium). H2O2 (500 mM) was used as a 
positive control. The results were calculated as H2O2 concentrations [nM] using 
equation: H2O2	[nM]	=	0.0004	×	fluorescence	-86.

3.5. Analysis of Cell Death (III)

The percentage of dead cells was analyzed by Cytotoxicity Detection KitPLUS 
(Roche Diagnostics GmbH, Mannheim, Germany) according to the manufacturer’s 
instructions and the absorbance was determined at 490 nm with reference 
wavelength of 690 nm on spectrophotometer (Victor Wallac-2 1420, Perkin Elmer, 
Belgium).  The percentage of apoptotic cells was studied with APOPercentage 
Apoptosis Assay (Biocolor Life Science Assays, Carrickfergus, UK) according to 
the instructions given by the manufacturer. Treated cells were photographed 
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with an Olympus DP70 Digital microscope camera connected to an Olympus 
IX71 (Olympus, Center Valley, PA) light microscope using DP Controller (version 
2.2.1.227) (Olympus, Center Valley, PA) and DP Manager (version 2.2.1.195) 
software (Olympus, Center Valley, PA). The purple (apoptotic) and unstained 
(non-apoptotic) cells were counted manually, and the percentage of apoptotic 
cells was calculated.

3.6. Protein-nanomaterial interaction experiments (I)

The	 method	 for	 analysis	 of	 protein-ENM	 interaction	 was	 modified	 from	
MacCorkle et al. (2006). Cells (primary macrophages or epithelial cells) were 
collected, frozen and lysed with ME lysis buffer (1% Nonidet P40, 0.5% sodium 
deoxycholate, 80 mM MOPS, 2 mM EDTA pH 7.2) containing a protease inhibitor 
(Complete Mini, Roche Diagnostics GMBH, Mannheim, Germany) for 20 minutes 
on ice. Cell lysate (~1 mg protein/ml) was cleared by centrifugation (16 000 g, 5 
minutes, +4°C) and exposed to sonicated (15 minutes) ENMs in ME lysis buffer. 
Final nanomaterial concentrations of 0.5, 0.05 or 0.005 mg/ml were used for 
the interaction experiments. Alternatively, diluted human plasma in ME buffer 
(~7 mg protein/ml) or undiluted plasma (70 mg protein/ml) was used. Protein 
concentrations of samples were determined with BioRad DC Protein Assay Kit 
(BioRad, Hercules, CA, US) according to the manufacturer’s instructions. In order 
to	avoid	unspecific	adsorption	of	proteins	onto	 the	walls	of	 the	 test-tubes,	 low	
protein binding tubes were used (Protein LoBind tube, Eppendorf AG, Hamburg, 
Germany). Nanomaterial-cell lysate/plasma mixture was incubated at +4°C for 
15 hours (or also one hour for plasma) in an end-to-end rotator (Grant-Bio PTR-
30, Wolf Laboratories Limited, UK), after which nanomaterials were pelleted and 
unbound proteins were removed by washing the pellet six times with 20 mM 
Tris-MOPS, pH 7.4. After each wash, the nanomaterials were gently vortexed and 
centrifuged (16 000 g, 5 min, +4°C). ENM-bound proteins were removed from 
the nanomaterials by heating for 10 min at +70°C in 50 µl reducing sample buffer 
and analyzed in SDS-PAGE. Gels were stained with Coomassie blue dye. The gels 
were scanned and intensities of Coomassie stained protein bands were calculated 
with ImageQuant TL (GE Healthcare, Piscataway, NJ, US) software to quantify 
protein binding to the nanomaterials. Protein band intensities were compared 
to the intensity of a protein band with a known amount of protein analyzed in 
the same SDS-PAGE gel. Statistical analyses of were performed using GraphPad 
Prism 4 software (GraphPad Software, La Jolla, CA, US).

The effect of surfactant on protein-ENM interactions was studied by incubating 
natural porcine lung surfactant mixture (Curosurf®, Nycomed International 
Management GmbH, Zurich, Switzerland) with sonicated nanomaterials in ME 
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buffer	(final	concentration	1.2	µg/ml).	After	15	minutes	A549	epithelial	cell	lysate	
was added to the mixture. Incubation and analysis were performed as described 
above.

For protein-ENM interaction studies with cytoplasmic proteins, cytoplasm 
was extracted from primary macrophage cells with (ProteoJet Cytoplasmic™ 
and Nuclear Protein Extraction Kit, Fermentas International Inc, Burlington, 
ON,	Canada)	and	mixed	with	sonicated	nanoparticles	 in	ME	 lysis	buffer	 (final	
nanoparticle concentration 0.5 mg/ml) for 15 hours at +4°C in an end-to-end 
rotator. Removal of unbound proteins and analysis of bound proteins were carried 
out as described above.

The effect of pH on nanomaterial binding to proteins was studied with rTiO2 
coarse and r/aTiO2 particles. A volume of 200 µl of cleared primary macrophage-
cell lysate was exposed to 100 µl of sonicated particles (5 mg/ml) in ME lysis 
buffer and to 700 µl of different pH buffers. Binding of particles to proteins was 
analyzed as previously described. Buffers were: pH 6 (250 mM sodium acetate), 
pH 7.2 (ME lysis buffer) and pH 9 (100 mM Tris-HCl).

3.7. 2-D Difference Gel Electrophoresis (DIGE) (II and III)

Prior to DIGE labelling, salts and other contaminants were removed from the 
samples with 2-D Clean-Up Kit (GE Healthcare Biosciences, Pittsburgh, PA, US) 
and samples were resuspended in DIGE labelling buffer (7 M urea, 2 M thiourea, 
30 mM tris-HCl, 4% (w/V) CHAPS). A total of 50 µg of protein per sample was 
used for analysis. DIGE minimum labelling was performed according to the 
manufacturer’s	 instructions	 [Amersham	CyDye	DIGE	fluors	 (minimal	dye)	 for	
Ettan DIGE, GE Healthcare Biosciences, Pittsburgh, PA, US]. Internal standard 
was used to align the spots during analysis and to decrease technical variation. 18 cm 
pH interval 3-10 non-linear Immobiline™ DryStrips (IPG strips) (GE Healthcare 
Biosciences, Pittsburgh, PA, US) (II) / 18 cm SERVA IPG Blue strips 3-10 NL 
(SERVA Electrophoresis GmbH, Heidelberg, Germany) (III) were rehydrated for 
6 hours and cup loading method was used to absorb proteins to the IPG strips. 
Each IPG strip was loaded with 50 µg of sample labelled with Cy5, 50 µg of sample 
labelled with Cy3 and 50 µg of internal standard, containing equal amount of all 
samples, labelled with Cy2. Isoelectric focusing (IEF) was performed with the 
Ettan IPGphor IEF system (GE Healthcare Biosciences, Pittsburgh, PA, US) and 
the second dimension separation of proteins by their size with polyacrylamide gel 
electrophoresis (SDS-PAGE) (Ettan DALTsix Electrophoresis Unit (GE Healthcare 
Biosciences,	 Pittsburgh,	 PA,	US).	 After	 electrophoresis,	 the	 fluorescence	 of	 all	
three CyDyes was detected with Ettan DIGE Imager (GE Healthcare Biosciences, 
Pittsburgh, PA, US) and gels were then silver stained (Chevallet et al., 2006) for 
spot excision. DeCyder 2-D Differential Analysis Software v.7.0 (GE Healthcare 
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Biosciences, Pittsburgh, PA, US) was used for the spot detection, matching and 
statistical	 analysis.	 Spots	 with	 ≥	 |1.5|	 fold	 change	 in	 expression	 compared	 to	
control, with Student’s t-test p-values	≤	0.01	(II)	and	≤	0.05	(III)	were	utilized	
for	identification	by	mass	spectrometry.

3.8.	 Protein	identification	and	bioinformatics	(I,	II	and	III)

Coomassie (I) or silver (II and III) -stained protein bands (I) or spots (II and III) 
were cut from the gel, in-gel digested and the resulting peptides were extracted as 
previously described by Rostila and collaborators (2012). Peptide extracts were 
pooled and dried in a vacuum centrifuge. Each peptide mixture was analyzed by 
automated	nanoflow	capillary	LC–MS/MS	using	a	CapLC	system	(Waters,	Milford,	
MA,	USA)	coupled	to	an	electrospray	ionization	quadrupole	time-of-flight	mass	
spectrometer (Q-TOF Global, Waters). Reverse-phase separation of peptides was 
carried	out	using	a	75	μm	×	15	cm	NanoEase	Atlantis®	dC18	column	(Waters)	at	
a	flow	rate	of	250	nl/min.	The	peptides	were	eluted	from	the	column	with	a	linear	
gradient of 0–60% solvent B (0.1% formic acid in 95% acetonitrile) in 60 minutes. 
Solvent A was 0.1 % formic acid in 5 % acetonitrile. The obtained mass fragment 
spectra were searched against human entries [NCBInr (I) or SwissProt (II and 
III)] using Mascot software (Matrix Science Ltd., London, UK). Isoelectric point 
(pI) values were calculated from the nominal masses of protein hits in Mascot 
search.	Information	on	post-translational	modifications	and	gene	ontology	were	
gathered from the UniProt Protein knowledgebase (www.uniprot.org).

Hierarchical clustering and principal component analysis were performed 
for	 the	 identified	proteins	with	DeCyder	Extended	Data	Analysis	software	 (GE	
Healthcare Biosciences, Pittsburgh, PA, US) (II).

In publication III, Cy2 standardized intensity values were exported from DeCyder 
and imported to R software version 3.0.0 (R Core Team 2013). Differentially secreted 
proteins were tested by the limma package (Smyth et al., 2012) implemented in 
bioconductor (Gentleman et al., 2004). First, a linear model (y ~ treatment + labeling 
+	error)	was	fitted.	Subsequently,	pairwise	comparisons	between	each	treatment	and	
control were evaluated by empirical Bayes and the proteins with the nominal P-value 
<0.01	were	considered	significant.	In	addition,	proteins	with	≥|1.5|	fold	change	in	
expression	as	compared	to	control,	with	student’s	t-test	P-value	≤0.05	were	selected	
for DAVID analysis.

DAVID bioinformatics resources (http://david.abcc.ncifcrf.gov/) were used to 
identify enriched protein functional domains, gene ontologies or pathways in the 
identified	proteins	(Huang	da	et	al.,	2009)	(II	and	III).	Protein	theoretical	molecular	
weights and isoelectric points were calculated with ExPASy Compute MW/pI Tool 
(Gasteiger et al., 2005) (II).
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3.9. Western Blotting (II and III)

Validation	of	interesting	identified	proteins	was	performed	by	Western	blotting.	
About 3 µg cytoplasm proteins were loaded into precast 26-well 10-20% Criterion 
TGX gels (BioRad, Hercules, CA, US) and separated  at 200 V for 50 min using 
Criterion Cell (BioRad, Hercules, CA, US) in Laemmli buffer. Proteins were the 
transferred onto Immobilion-P Transfer Membranes (Merck Millipore, Bedford, 
MA, US) at 300 mA for 2 h + 4°C with Criterion Blotter (BioRad, Hercules, CA, 
US). Sypro Ruby Protein Blot staining (BioRad, Hercules, CA, US) was performed 
according to the manufacturer’s instructions in order to visualize the full protein 
content in the membranes.

Following primary antibody dilutions were used: 1:1000 for ANXA2 (ab54771, 
Abcam plc, Cambridge, UK), CATD (ab6313, Abcam plc, Cambridge, UK), SODM 
(HPA001814, Atlas Antibodies, Stockholm, Sweden), PRDX1 (HPA007730, Atlas 
Antibodies, Stockholm, Sweden), 1:500 for CLIC1 (HPA008917, Atlas Antibodies, 
Stockholm, Sweden) 1:2000 acetylated lysine (#9441, Cell Signaling Technology, 
Boston, MA, US) (II) 1 :1000 THIO (ab133524, Abcam plc, Cambridge, UK) and 
1:1000 for 2AAA (ab154551, Abcam plc, Cambridge, UK) (III). 1:5000 dilution 
of HRP-conjugated secondary antibody was used (Dako, Glostrup, Denmark). 
Antibodies were diluted either into 5% non-fat milk in PBS or 0.05% tween-PBS. 
Immobilion Western HRP substrate (Merck Millipore, Bedford, MA, US) was 
added to the membranes and antibody stained protein bands were visualized with 
Image Quant LAS 4000 mini quantitative imager (GE Healthcare Biosciences, 
Pittsburgh, PA, US). ImageQuant TL (GE Healthcare Biosciences, Pittsburgh, PA, 
US) was used to analyze the intensities of protein bands.

In the two-dimensional western blots (II), the identities of acetylated protein 
spots were investigated by overlaying images of membranes detected against 
acetylation and PRDX1 (or acetylation and ANXA2) on top of each other by using 
the freeware ImageJ v.1.46 program downloaded from the internet (http://rsb.
info.nih.gov/ij/).
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4. RESULTS 

4.1. Nanomaterial Protein-Corona Formation (I)

Prior to coming into contact with cells and tissues, ENMs are covered with proteins 
and lipids and this has a pronounced effect on their fate the body. Therefore, we 
decided to investigate the physicochemical properties governing protein-corona 
formation, by performing a protein-binding assay with eleven divergent materials.

It	was	first	studied	whether	ENMs	were	phagocytized	by	cells	and	if	so,	did	
this have any effect on cell function. TEM micrographs revealed that all of the 
tested ENMs were internalized by lung epithelial cells and macrophages. While 
no materials could be detected in the nucleus, there were differences between 
the nanomaterial types in their intracellular localization. Most types of ENMs 
were located only inside vacuolar structures, whereas some material-species 
were residing both inside vesicles and free in the cytoplasm. These were aTiO2, r/
aTiO2, rTiO2 silica, rTiO2 alumina and mwCNT. Only mwCNTs seemed to enter the 
cells passively by protruding through plasma membrane (I, Figure 1, Supporting 
Information Figures 1-4).

Protein-binding experiments were carried out using cell lysate proteins, 
cytoplasmic proteins and human plasma. Cell lysates were obtained from primary 
macrophages and A549 epithelial cells, while both diluted and undiluted human 
plasma were tested. Cytoplasm was extracted from primary macrophages. All 
materials were covered with plasma proteins, but greater differences were be 
detected in experiments with cell lysate proteins. Hydrophobic rTiO2 silicone and 
swCNT were the only materials not to interact with cell lysate proteins, while aTiO2, 
r/aTiO2 and rTiO2	silica	were	the	most	efficient	binders	of	both	cell	lysate	and	plasma.	
Similar to rTiO2 alumina, mwCNT and SiO2, micro-sized particles, rTiO2 coarse and 
quartz sand, seemed to interact more with plasma proteins than with cell lysate 
proteins (I, Figure 2A). A slight correlation could be found between particle size 
and the extent of the plasma protein interaction. This could not be detected with 
cell lysate proteins, nor could any correlation be detected between protein binding 
and	zeta-potential	or	specific	surface	area	(I,	Supporting	Information	Figure	5).

Protein interaction studies were continued by coating the ENMs with 
surfactant prior to contact with cell lysate proteins. This mimics the events during 
lung	exposure,	where	ENMs	would	first	come	into	contact	with	the	surfactant	layer	
of the lungs before interacting with cells and tissues. The addition of surfactant 
reduced substantially the capacity of ENMs to interact with cell lysate proteins. 
Surfactant	had	the	strongest	effect	on	those	materials	that	were	the	most	efficient	
binders. Despite having a substantial effect on protein binding, surfactant addition 
did not change the interacting proteins (I, Figure 2B).
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 In these experiments, the major plasma proteins attaching to ENMs were the 
same regardless of the material and incubation time. The major binding proteins 
were	identified	by	mass	spectrometry	as	fibrinogen	alpha,	beta	and	gamma	chains	
and immunoglobulin light chain proteins. In addition, several complement 
components,	fibrinectin,	apolipoprotein	A,	albumin	and	fibrin	were	 found	 to	be	
able to interact with the materials. All of the plasma proteins that became attached 
to ENMs were glycosylated. Conversely, the binding of cell lysate proteins was truly 
dependent on material species. The three titanium dioxides that were the most 
efficient	protein	binders	shared	major	proteins	in	common,	but	differences	could	
be detected in the less abundant proteins. Micro-sized rTiO2 coarse interacted with 
different proteins than nano-sized titanium dioxides and alumina coated TiO2 failed 
to	interact	significantly	with	any	proteins	(I,	Figure	2C).

In an attempt to elucidate the mechanisms behind these phenomena, i.e. the 
possible ENM-protein interactions inside the cell, the materials were allowed to 
interact with extracted cytoplasmic proteins and the ENM-bound proteins were 
identified	by	mass	spectrometry.	The	surface	charge	of	titanium	dioxide	particles	
seemed to affect the protein binding - TiO2 particles with negative zeta-potential, 
preferred proteins with high pI, having a positive charge at physiological pH, as 
their interaction partners. ENMs did not exhibit any preference with respect to 
the cellular function of bound proteins, with the exception of mwCNT, which 
adsorbed only cytoskeletal proteins. Some preference towards negatively charged 
calcium binding domains could be detected for analyzed titanium dioxide particles 
(I, Figures 2D and 3, Supporting Information 9).

The	pH	can	significantly	differ	between	cellular	compartments,	therefore	the	
effect of pH on protein binding capability of uncoated TiO2 nanoparticles was 
investigated. Compared to micro-sized TiO2, which lost its protein binding ability 
completely	at	high	pH	values,	the	affinity	of	nano-sized	titania	towards	cell	lysate	
proteins declined only marginally (I, Figure 4A). Moreover, the nano-sized TiO2 
interacted mainly with unphosphorylated proteins, whereas coarse TiO2 preferred 
proteins with multiple phosphorylation sites (I, Figures 4B and 4C).

4.2. Cytoplasmic Proteomic Changes Induced by TiO2   Nanoparticles (II)

Publication (I) indicated that ENMs are able to enter cells and interact with 
intracellular proteins. Therefore, we decided to expose human primary 
macrophages	to	two	of	the	most	efficient	protein	adsorbers,	silica	coated	TiO2and 
uncoated TiO2, and analyze the cytoplasmic protein expression changes using 
two-dimensional difference gel electrophoresis.

Exposure to TiO2 nanoparticles resulted in altered expression of 112 proteins 
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spots (student’s t-test p	≤	0.01,	fold	change	≥	|1.5|)	(II,	Figure	1).	Hierarchical	
clustering illustrated that even though the overall changes in protein expression 
patterns caused by the two particles were similar, rTiO2 silica induced a more 
drastic change in the pattern (II, Figure 2A). Principal component analysis 
revealed that all datasets clustered into their own quadrants, except for one r/
aTiO2 dataset, which was located together with the rTiO2 silica datasets (II, 
Figure 2B). Mass spectrometry was then utilized to identify the 112 protein spots 
with	statistically	signifi	cant	expression	changes.	Several	proteins	had	been	post	
translationally	modifi	ed	 or	 were	 proteoforms,	 since	 they	 were	 identifi	ed	 from	
more	than	one	spot	(Figure	8).	As	a	result,	fi	nal	non-redundant	list	was	obtained	
with a total of 62 proteins (II, Supplementary material 2).

Figure 8. Peroxiredoxin-1 post translational modifi cation after nTiO2 exposure. 
Three protein spots, which were all identifi ed as peroxiredoxin-1. The abundance of the purple protein spot was decreased 
in the macrophage cytoplasm after nTiO2 exposure, while the quantity of the green spots was increased in the cytoplasm 
of the treated macrophages.

TiO2 treatment had caused up-regulation of 33 and down-regulation of 
29 proteins. Many proteins with changed patterns were linked to cytoskeleton 
or	metabolism,	but	 also	 responses	 to	 stress,	 infl	ammation	and	apoptosis	were	
featured	(II,	Supplementary	material	2).	The	 identifi	ed	proteins	were	analyzed	
with DAVID bioinformatics resources (Huang da et al., 2009) to determine 
whether some gene ontologies (GO), protein functional domains or biological 
processes had become enriched. As expected, cytoplasm and GO cytosol were 
among	 the	most	 enriched	 terms	 associated	with	 the	 identifi	ed	 proteins,	while	
DAVID analysis also recognized acetylation as a highly enriched PTM: almost 
70%	 of	 the	 identifi	ed	 proteins	 contained	 possible	 acetylation	 sites	 (Table	 6).	
N-terminal protein acetylation could be detected by mass spectrometry in two 
down-regulated annexin A2 (ANXA2) spots and in one up-regulated ANXA2 
spot, also, one heat shock protein contained lysine acetylation. Other GO terms 
revealed by DAVID analysis could be grouped into three categories: vesicles/
endocytosis, cytoskeleton and metabolism. Protein folding, response to inorganic 
substance and immune response were also represented although with lower 
statistical	signifi	cance	(II,	Table	II).
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Table 6. Identified proteins with known acetylation sites

Access. Protein name Access. Protein name

 
Q01518 

 
Adenylyl cyclase-associated protein 1

 
P26038

 
Moesin

P13798 Acylamino-acid-releasing enzyme Q06830 Peroxiredoxin-1

P52566 Rho GDP dissociation inhibitor 2 P32119 Peroxiredoxin-2

P60709 Actin, cytoplasmic 1 P18669 Phosphoglycerate mutase 1

P63261 Actin, cytoplasmic 2 P60891 Ribose-phosphate pyrophosphokinase 1

P04083 Annexin A1 P17980 26S protease regulatory subunit 6A

P50995 Annexin A11 Q9NVA2 Septin-11

P07355 Annexin A2 P48594 Serpin B4

P78371 T-complex protein 1 subunit beta P14618 Pyruvate kinase isozymes M1/M2

O00299 Chloride intracellular channel protein 1 P50990 T-complex protein 1 subunit theta

P11413 Glucose-6-phosphate 1-dehydrogenase P60842 Eukaryotic initiation factor 4A-I

P34932 Heat shock 70kDa protein 4 P06753 Tropomyosin alpha-3 chain

P07900 Heat shock protein HSP 90-alpha P07437 Tubulin beta chain

P08238 Heat shock protein HSP 90-beta P54577 Tyrosine--tRNA ligase, cytoplasmic

Q09028 Histone-binding protein RBBP4 P08670 Vimentin

P13796 Plastin-2 P29350 Tyrosine-protein phosphatase non-
receptor type 6 

P63244 
 

Guanine nucleotide-binding protein 
subunit beta-2-like 1

P15153 Ras-related C3 botulinum toxin 
substrate 2

P22626 
 

Heterogeneous nuclear 
ribonucleoproteins A2/B1

P04179 Superoxide dismutase [Mn], 
mitochondrial

P31153 
 

S-adenosylmethionine synthetase isoform 
type-2

Q9Y3Z3 SAM domain and HD domain-
containing protein 1

Q13200 26S proteasome non-ATPase regulatory 
subunit 2

O15144 Actin related protein 2/3 complex, 
subunit 2

Exposure to nano-sized TiO2 resulted in an increase of oxidative stress 
related proteins. Chloride intracellular channel protein 1 (CLIC1) and superoxide 
dismutase 2 (SODM), linked to redox regulation (Averaimo et al., 2010; Than et 
al., 2009), were up-regulated after TiO2 treatment (II, Figures 1 and 3). Annexin 
A2 (ANXA2) and peroxiredoxin-1 (PRDX1), also involved in the oxidative stress 
response	(Madureira	et	al.,	2011;	Sue	et	al.,	2005),	were	identified	from	multiple	
spots. ENM exposure resulted in processing of ANXA2 protein as the up-regulated 
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ANXA2 spots displayed a distinctly different localization in the gel than the 
down-regulated ANXA2 spots, which were localized according to their theoretical 
isoelectric	point	(pI)	and	molecular	weight	(MW).	As	verified	by	the	combination	
of mass spectrometry and pI and MW calculations, three down-regulated ANXA2 
spots were most probably lacking part of their C-terminal (II, Figures 1 and 3). 
For the PRDX1 spots, ENM treatment produced a pI shift from basic to acidic 
side in the gel but did not affect MW (Figure 8; II, Figures 1 and 3). This might be 
an indication of ROS production in the cells, since the appearance of the acidic 
PRDX1 spots has been linked to oxidative stress (Rabilloud et al., 2002). The 
expression of cathepsin D (CATD) (II, Figures 1 and 3) was also increased after 
TiO2 treatment. CATD overexpression has been previously reported after asbestos 
exposure (Sjöstrand et al., 1989).

Western	blotting	was	used	to	not	only	validate	findings	from	2D-DIGE	analysis	
but also to investigate if these protein expression changes were dependent on the 
particle	size,	since	fine-sized	TiO2 has been claimed to be essentially inert. The 
cytoplasmic protein levels of SODM and CLIC1 detected with antibodies concurred 
with the 2D-DIGE results (II, Figure 4). The amount of the 48 kDa single-chain 
intermediate	 of	 CATD	 could	 be	 confirmed	 by	 western	 blotting.	 Similarly,	 the	
amount of mature 34 kDa CATD was also elevated after nTiO2 treatment, however 
not	in	a	statistically	significant	manner	(II,	Figure	4C).	SODM	expression	was	not	
size-dependent as coarse TiO2 particles were able to induce similar protein levels 
changes to nano-sized TiO2 (II, Figure 4A). However, the rTiO2 coarse particles did 
not cause elevated expression of CLIC1 and CATD, i.e. the differential expression 
of these proteins only occurred after exposure to nano-sized TiO2 (II, Figure 4B 
and 4C). Interestingly, A549 epithelial cells exposed under the same conditions to 
the same materials did not exhibit similar expression of SODM, CLIC1 and CATD 
to macrophages (data not shown).

Acetylation	was	a	highly	enriched	PTM	in	the	identified	proteins	according	to	
DAVID analysis (Table 6; II, Table II). In addition, the functions of both ANXA2 
and PRDX1 have been reported to be affected by acetylation (Parmigiani et al., 
2008; Nazmi et al., 2012). Therefore, we decided to examine the overall lysine 
acetylation of cytoplasmic proteins after exposure to nano-sized and coarse TiO2 
with	western	blotting.	A	statistically	significant	difference	could	be	observed	in	
the amount of lys-acetylated proteins after exposure to both nTiO2s, whereas the 
levels of lys-acetylated cytoplasmic proteins in coarse TiO2 treated cells were not 
significantly	elevated	(II,	Figure	4D).
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4.3. The effects of carbon nanotube exposure to protein  
  secretion of macrophages (III) 

The logical continuum after investigating intracellular proteome changes induced 
by nano-sized TiO2 was to study the changes occurring in protein secretion by 
human primary macrophages after ENM exposure. 2D-DIGE was again utilized. 
This time, long rigid (R CNTs) and long tangled multi-walled carbon nanotubes 
(T CNTs) were used as the exposure agents, while crocidolite asbestos, a well-
studied	high	aspect	ratio	fibrous	material,	was	used	as	the	positive	control.	This	
study set-up made it possible to assess nanomaterial safety taking both size and 
shape into account.

Prior to 2D-DIGE analysis, a pilot study was performed by exposing 
macrophages for 6 and 18 hours to the materials. Cell death and protein secretion 
were investigated to determine the appropriate duration of the exposure. On 
that basis an exposure time of six hours was selected. 2D-DIGE analysis and 
identification	of	secreted	proteins	was	then	followed	by	a	bioinformatics	analysis	
(III, Figure 1). R CNT exposure resulted in changed secretion of 37 protein spots 
(empirical Bayes nominal P-value < 0.01), when compared to the secretome of 
unexposed macrophages. T CNT treatment altered the secretion of 12 and asbestos 
changed 5 protein spots. After mass spectrometry and database searches, a total 
of	29	different	proteins	were	 identified	 (III,	Figure	2,	Supplementary	material	
S2).

Hierarchical	clustering	and	PCA	analysis	revealed	that	the	secretome	profiles	
of R CNT and asbestos exposed macrophages resembled each other, while the T 
CNT	secretome	had	a	distinct	profile	(III,	Figure	3).	However,	the	Venn	diagram	
indicated that the R CNT and asbestos groups shared only 4 proteins, while T 
CNT and R CNT shared 5. No common secreted proteins were found between all 
exposure groups, this was also the apparent in the comparison between asbestos 
and T CNT groups. R CNT treatment triggered the release of 28 unique proteins 
from the macrophages. The numbers of unique secreted proteins after T CNT and 
asbestos exposures were seven and one, respectively (III, Figure 4).

When looking more closely at the secretion levels of individual proteins after 
different	fiber	treatments,	it	became	evident	the	proteins	could	be	categorized	into	
three	different	groups.	In	the	first	group,	the	proteins	were	secreted	most	efficiently	
after R CNT treatment. This group included lysosomal cathepsins, cathepsin B 
(CATB, mature 30 kDa), CATD (mature 34 kDa), and cathepsin H (CATH, mature 
25	kDa).	 In	 addition,	 cofilin-1	which	 is	 linked	 to	 restraining	phagocytosis	 and	
oxidative	stress	(Morato-Marques	et	al.,	2011)	and	several	inflammation-related	
proteins	were	also	categorized	in	the	first	group,	i.e.	cystatin-B	(CYTB),	Peptidyl-
prolyl cis-trans isomerase A (PPIA) and heat shock protein beta-1 (HSPB1) (Turk 
and Bode, 1991; Rodriguez-Franco et al., 2012; Sherry et al., 1992; Gwinn et al., 
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2006; Arrigo, 2007) (III, Figure 5A). The second group comprised of proteins 
with decreased secretion from macrophages after R CNT exposure. Calreticulin 
(CALR), expressed in the surface of apoptotic cells (Raghavan et al., 2013) and 
superoxide dismutase 2 (SODM) which has a role in redox homeostasis and in 
inflammation	(Than	et	al.,	2009)	fell	into	this	group	(III,	Figure	5B).	The	third	
group included three proteoforms of serine/threonine-protein phosphatase 2A 
65 kDa regulatory subunit A alpha isoform (2AAA), which has been also linked 
to	 inflammation	 (Wallace	 et	 al.,	 2012).	 This	 protein	was	 only	 secreted	 after	 T	
CNT treatment (Figure 5C). 2AAA secretion could be also validated with western 
blotting (III, Supplementary material S3).

	The	identified	proteins	were	then	analyzed	with	DAVID	to	clarify	the	enriched	
pathways and GOs. Since DAVID is not able to analyze small protein lists reliably, 
a more lenient statistical test (student’s t-test p<	0.05,	fold	change	≥	|1.5|)	was	
used to produce a larger list (III, Supplementary material S4). The most evident 
enriched KEGG pathway was lysosome, consisting of CATB, CATD, CATH and 
CATS, and this was detected after exposure to all materials. In contrast, antigen 
processing and presentation were not enriched after T CNT treatment (III, 
Supplementary materials S5 and S6). Lysosome was the only enriched term in the 
T CNT secretome, whereas the asbestos secretome included lysosome, vesicles and 
cellular response to stress. Again, R CNTs seemed to cause the greatest activation 
in	 macrophages:	 apoptosis,	 endoplasmic	 reticulum,	 inflammatory	 response,	
protease inhibition, redox-active center, signaling, lysosome and vesicles were all 
enriched after R CNT treatment (III, Supplementary materials S5 and S6).

Since DAVID analysis revealed that apoptosis related proteins were enriched 
only	in	the	R	CNT	secretome	(III,	Figure	6A),	the	effects	of	fibers	to	cell	viability	
were investigated by using two different methods: LDH, which detects general 
cell	death	and	ApoPercentage,	which	identifies	only	apoptotic	cells.	LDH	assay	
revealed that 5-10% of the cells died after six hour treatments with R CNT and 
asbestos (III, Figure 6B). ApoPercentage assay yielded similar results to DAVID 
analysis: only R CNT triggered apoptosis to macrophages, with 10% of the cells 
being in apoptosis after 18 h (III, Figure 6B, 6C and 6D).

4.4. Comparison of the effects of nTiO2s and CNTs on 
  macrophages (II and III)

Even though the two DIGE experiments differ from each other in the exposure time 
(24 h vs. 6 hours) and in the studied protein fraction (cytoplasm vs. secretome), 
the R CNTs seemed to be the most hazardous ENM to primary macrophages. 
Both nTiO2 species seemed to cause similar changes in the cytoplasmic proteome 
of macrophages: several proteins with changed abundance were related to 
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phagocytosis and cytoskeleton (II, Supplementary material 2). Some proteins 
with changed abundances after exposure to nTiO2 were linked to oxidative stress, 
however cellular and acellular ROS measurements indicated that neither of the 
nTiO2s were capable of triggering oxidative stress (II, Supplementary material 
5).	Of	 the	fibrous	materials,	 only	R	CNT	was	 capable	of	 causing	extensive	 cell	
death and apoptosis to macrophages (III, Figure 6). In addition, R CNT triggered 
the	most	prominent	secretion	of	lysosomal	cathepsins	and	inflammation	related	
proteins (III, Figure 5). When comparing all the ENMs, the DAVID analysis 
indicated that cell death associated proteins were enriched only in the secretome 
of R CNT exposed macrophages (Table 7).

Table 7. Comparison of the ten most enriched terms associated to the identified proteins after exposure to ENMs. 
Data obtained from DAVID functional annotation chart.

nTiO2 (cytoplasmic) T CNT (secreted) R CNT (secreted)

 
acetylation

 
acetylation

 
acetylation

 
cytoplasm

 
cysteine proteinase

 
cytoplasm

 
cytosol

 
Peptidase C1A, papain C-terminal

 
enzyme inhibitor activity

 
melanosome

 
Peptidase C1A, papain

 
regulation of apoptosis

 
pigment granule

 
Pept_C1

 
regulation of programmed cell 
death 

phosphoprotein papain regulation of cell death

structural constituent of 
cytoskeleton 

soluble fraction acetylated amino end

nucleotide-binding Peptidase, cysteine peptidase 
active site

disulfide	bond

acetylated amino end zymogen calcium binding

soluble fraction Protease disulfide	bond
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5. DISCUSSION

Engineered nanomaterials are already a part of our everyday life. They are 
used in a multitude of products, such as coatings, paints and electronics, where 
consumers do not come into direct contact with them. However, ENMs are also 
added in food and cosmetics, even used as drug carriers – meaning that some 
ENMs are able interact with human body. Therefore, in order to ensure that 
the	benefits	of	ENMs	can	be	fully	realized,	the	health	effects	of	ENMs	must	be	
thoroughly studied. Proteomics is a new strategy for nanosafety investigations. 
Proteomic methods aim to detect and quantify the proteins that are expressed in 
cells,	tissues	or	biofluids	at	a	certain	time	point.	Today,	proteomic	experiments	
are able to identify thousands of proteins, making it possible to identify activated 
and attenuated processes and cascades after a given stimulus. Moreover, protein 
post	translational	modifications	can	be	detected,	which	adds	another	information	
layer to the data obtained from proteomic exercises. In this thesis, proteomics 
was utilized to characterize the biological effects of ENMs. We found that the 
surface activity of ENMs is a key factor governing ENM-protein interactions. 
Furthermore, the binding of ENMs to cytoplasmic proteins might trigger adverse 
effects to cells. Results also showed that macrophages exposed to nano-sized TiO2 
undergo cytoplasmic proteome changes attributable to active ENM uptake and 
processing and that nTiO2 treatment triggers acetylation of cytoplasmic proteins. 
Moreover, we found that rigid CNTs and asbestos exposure causes similar protein 
secretion	 from	macrophages,	while	 tangled	CNTs	 inflict	 a	distinct	 response.	R	
CNT treatment also triggered apoptosis in macrophages, which was not observed 
in T CNT and asbestos exposed cells.

5.1. ENM-protein interactions (I)

Nanomaterials have been postulated to be covered by proteins thus forming a 
protein corona on top of the ENM. The vast majority of ENM protein corona studies 
have investigated the interactions between ENMs and plasma proteins (Monopoli 
et al., 2011; Tenzer et al., 2013; Cedervall et al., 2007; Göppert and Muller, 2005; 
Tenzer et al., 2011). The ENM-lipid corona has also been investigated. One study 
revealed that high density lipoproteins, namely apolipoproteins adhere strongly 
to copolymer nanoparticles (Hellstrand et al., 2009), while another study found 
that swCNTs were coated with apolipoproteins and surfactant proteins (Kapralov 
et al., 2012). Data from our study indicated that certain TiO2 nanoparticles bind 
significantly	more	plasma	proteins	than	other	ENMs.	The	major	proteins	forming	
the	plasma	corona	for	ENMs	were	fibrinogen	alpha,	beta	and	gamma	chain	and	
immunoglobulin light chain. In contrast to the results by Jung and collaborators 
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(2003),	we	did	not	observe	fibrinogen	replacement	from	silica	surface	by	other	
plasma proteins. One reason could be that structural changes had occurred in 
protein domains. In agreement with the plasma corona data, many common 
proteins, such as complement C4-A, complement factor H, and Ig mu chain C 
region have been found in other plasma protein corona studies. However, these 
reports	did	not	describe	fibrinogen	as	being	 the	major	adhering	protein,	while	
also	reporting	apolipoprotein	A-I	as	a	significant	interacting	protein	(Tenzer	et	
al., 2013; Tenzer et al., 2011; Lundqvist et al., 2011). These differences might be 
due to different exposure conditions such as the buffer used in the interactions. 
Albumin is another commonly reported high abundance protein adhering with 
ENMs, which was present only at low quantities in our studies. This might be 
explained by long interaction time used here (15 h), since Tenzer and collaborators 
(2013) reported that albumin can be gradually replaced by other proteins from 
the surface of some ENMs over the time (0.5 - 120 minutes).

When ENM interactions with cytoplasmic proteins were analyzed, the same 
nTiO2 species were binding most proteins, while other ENMs bound cytosolic 
proteins even less than plasma proteins. This is an indication that the formation of 
the plasma protein corona is an active process involving recognition and tagging 
of	 foreign	 molecules	 by	 opsonins	 such	 as	 fibrinogen,	 immunoglobulins	 and	
complement components (Walkey and Chan, 2012). In contrast, the interactions 
between	cytosolic	proteins	and	ENMs	seem	to	occur	by	passive	reactions	influenced	
by ENM physicochemical properties.

One	of	the	main	reasons	behind	the	success	of	ENM	is	their	easily	modifiable	
surface (Nel et al., 2006). The surface reactivity of these kinds of molecules is 
dependent upon many characteristics such as solubility, zeta potential, surface 
area,	charge	and	hydrophobicity.	Modifications	to	the	particle	surface	also	alter	
the surface reactivity of ENMs which critically affects their capacity to interact 
with proteins. As an example, uncoated anatase and rutile nTiO2 particles interact 
with cell lysate proteins similarly, while the protein binding of alumina coated 
nTiO2 particles is hardly detectable. Another clearly distinguishable particle 
property	influencing	ENM	protein	interactions	is	hydrophobicity,	rTiO2 silicone 
is a good example of this kind of particle since this did not adhere to cell lysate 
proteins in the present investigations. In contrast, rTiO2 silica and rTiO2 alumina, 
two ENMs that have similar sizes, zeta potentials, surface areas and phase 
structures,	interact	with	cell	lysate	proteins	with	completely	different	efficiencies.	
Thus one must conclude that, solubility, surface area and polyform are not able 
to explain the protein-ENM interactions observed here. Therefore, while the 
influence	of	ENM	surface	reactivity	on	protein	binding	 is	evident,	 it	 is	unclear	
which physicochemical property is the main determinant of protein binding.

If	 ENMs	 enter	 the	 body	 via	 the	 respiratory	 system,	 they	 first	 come	 into	
contact with lung surfactant (Bakshi et al., 2008; Schleh et al., 2009). Therefore, 
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we studied how pre-coating the ENMs with lung surfactant would affect the 
protein corona formation. It was found that, the quantity of adsorbing proteins 
diminished	significantly,	however	the	proteins	forming	the	corona	remained	the	
same. This indicates that surfactant molecules merely diminish the ENM surface 
area available for binding.

Many toxicological effects induced by ENMs have been described to be 
mediated by ROS generation (Donaldson et al., 2013; Shvedova et al., 2012). 
However, physical interactions between ENMs and cellular proteins might also 
create	 some	problems.	For	 example,	 the	binding	of	 asbestos	fibers	 to	proteins	
regulating cytoskeleton organization and mitotic processes has been claimed to 
cause chromosome instability (MacCorkle et al., 2006). Similarly, the present 
data	reveal	that	mwCNT	fibers	can	interact	with	only	cytoskeletal	proteins	such	
as vimentin. Moreover, ENMs seem to bind to cytosolic proteins involved in 
metabolism, protein biosynthesis, response to stress and cell differentiation, 
therefore possibly interfering with many critical cellular functions and the 
mediating toxicological outcomes through physical interactions.

One possible mechanism of nTiO2 toxicity can be caused by reactivity 
changes caused by pH. Microscale TiO2 is being routinely used for extraction of 
phosphorylated proteins from complex mixtures (Yu et al., 2009). This mechanism 
is based on the ability of TiO2	to	bind	phosphoproteins	very	efficiently	at	pH	6.	
The bound proteins can then be eluted by elevating the pH. In contrast, nTiO2 
particles seem to bind proteins by different mechanism since the binding ability 
decreased only slightly in higher pH. Taken together, the effect of pH on protein 
ENM interactions is dependent on the particles not the proteins. When ENMs 
are ingested by phagocytosis they are retained within vesicles, which mature 
gradually from phagosomes to lysosomes (Canton and Battaglia, 2012). The low 
pH inside lysosomes might enhance nTiO2 interactions with proteins, possibly 
leading to lysosomal rupture and the release of ENMs to cytoplasm.

Overall, our results from protein corona studies indicate that surface reactivity 
of	ENMs	has	a	significant	role	in	protein	binding,	however	more	studies	will	be	
needed to clarify which particle property has the greatest effect on the protein 
corona. In plasma, however, since most proteins covering ENMs are opsonins, 
the ENM protein reactions might be a mixture of physicochemical interactions 
and active tagging of exogenous molecules. Moreover, ENM interactions with 
cytoplasmic proteins might represent a new source of toxic effects.
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5.2. ENM uptake (I)

Several studies have reported that ENMs are internalized by macrophages and 
lung epithelial cells both in vitro and in vivo (Rossi et al., 2010b; Shi et al., 2013; 
Simon-Deckers et al., 2008). Similarly, all ENMs used in the present studies were 
ingested by phagocytic cells and lung epithelial cells. TEM micrographs revealed 
that most of the particle species were residing within vacuolar structures, 
indicating that ENMs might be taken in by phagocytosis or pinocytosis as 
reviewed by Canton and Battaglia (2012).  The only exceptions, circumventing 
classic endocytic pathways, were individual mwCNTs which seemed to penetrate 
through the cell membrane and enter cells passively, and this might result in 
physical	damage	and	makes	possible	for	the	fibers	to	interact	with	cytoplasmic	
proteins (Canton and Battaglia, 2012; Kettiger et al., 2013; Dumortier, 2013). 
ENMs were not detected inside the nucleus in the exposure conditions used here, 
although it has been postulated as being possible (Unfried et al., 2007).

5.3.  Health effects of nano-sized TiO2 (II)

Previously, nano-sized TiO2 has been shown to induce various adverse effects both 
in vitro and in vivo,	ranging	from	ROS	formation	to	lung	inflammation	(Rossi	et	
al., 2010a; Rossi et al., 2010b; Shi et al., 2013; Shvedova et al., 2013). Proteomics 
have been utilized in relatively few studies investigating health effects of the nTiO2 
(Gao et al., 2011; Ge et al., 2011; Gonçalves et al., 2010; Tilton et al., 2013). We 
asked, what are the changes in cytoplasmic protein expression in macrophages 
treated with silica coated nTiO2 (rTiO2 silica) and uncoated nTiO2 (r/aTiO2), since 
it was already known that these nTiO2s are present free in the cytoplasm of the 
macrophages and there they are capable of adsorbing cytoplasmic proteins (I). 
The enrichment analysis of differently regulated proteins revealed that many 
proteins are associated with carbohydrate metabolism and cell motion, which 
was	not	surprising	since	the	macrophages	were	seen	to	be	actively	engulfing	and	
processing TiO2 NPs (I).

Several up-regulated proteins (SODM, PRDX1, CLIC1 and ANXA2) after 
nTiO2 treatment are related to redox homeostasis, indicating that nTiO2s might 
be evoking oxidative stress, which has been frequently reported as a mediator 
of ENM toxicity (Palomäki et al., 2011; Shvedova et al., 2012; Li et al., 2013; 
Sharma et al., 2007; Shvedova et al., 2007). However, acellular and cellular ROS 
measurements indicated that rTiO2 silica and r/aTiO2 are not able to induce 
ROS production, implying that up-regulation of these proteins might be due to 
oxidative burst, a mechanism known to be present in phagocytes for processing 
ingested material (Shvedova et al., 2012).
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Exposing macrophages to nano- and micro-sized TiO2 induced the up-
regulation of superoxide dismutase 2 in the cytoplasm. SODM is known to be up-
regulated in oxidative stress and it has been shown to have a tumor suppressor 
function. This enzyme is located in mitochondrial matrix and it functions as a ROS 
scavenger by catalyzing the conversion of reactive radicals into H2O2 and oxygen 
(Culotta et al., 2006; Kaminski et al., 2012). SODM production has been also 
postulated to be activated in antimicrobial defense, protecting immune cells from 
ROS formation during microbial infection (Rakkola et al., 2007). In agreement 
with the present results, Taira and collaborators (2006) have reported elevated 
SODM expression in macrophage-like cells levels after 0.2-0.3 µm TiO2 exposure. 
Moreover, Mazzoli-Rocha and others (2010) have claimed that SODM expression 
is elevated by ROS derived from particulate exposure, further indicating that 
SODM	is	a	major	antioxidant	enzyme	but	is	not	specific	for	nanomaterials.

CLIC1 is a metamorphic ion channel which can exist either soluble in the 
cytoplasm or integrated into membranes. It has been shown to have an effect 
on phagosome maturation of macrophages (Jiang et al., 2012) and epithelial cell 
growth and migration (Tung and Kitajewski, 2010). Over-expression of CLIC1 has 
been described in cancer cells and tissues (Wang et al., 2012a; Wang et al., 2012b). 
It was observed that cytoplasmic CLIC1 was up-regulated only after exposure 
to nano-sized TiO2 which is in contrast to results obtained by Cha and others 
(2007) showing that levels of CLIC1 were elevated after coarse TiO2 exposure. 
The	conflicting	results	might	be	due	to	differing	cell	types	(BEAS-2B	vs.	primary	
macrophages) and sample fractionation (cell lysate vs. cytoplasmic proteins) used 
in the experiments or the exposure times, since Cha and collaborators claimed 
that CLIC1 protein levels returned to baseline after 48 hours.

Cathepsin D, which normally resides in lysosomes, has been reported to 
be released into the cytoplasm after the oxidative stress induced peroxidation 
of lysosomal lipids (Castino et al., 2007; Zaidi et al., 2008). Furthermore, 
permeabilization of lysosome membrane and the subsequent release of CATD 
into cytoplasm has been postulated to precede the triggering of apoptosis 
(Benes et al., 2008). Both nTiO2 species induced up-regulation of both single-
chain intermediate (48 kDa) and mature (34 kDa) CATD in macrophage 
cytoplasm. Therefore, the oxidative burst discussed earlier might contribute to 
permeabilization of lysosomes. It should be noted, though, that no clear signs 
of apoptosis were detected in the exposed macrophages. Alternatively, nTiO2s 
themselves might play a role in lysosome rupture by a so-called proton sponge 
effect. However, this effect has been characterized for cationic ENMs (Nel et al., 
2009), whereas nTiO2s used in the present experiments carry negative surface 
charge.

Peroxiredoxins act as signaling molecules and as H2O2 reducing enzymes 
(Hall et al., 2009). When cells undergo oxidative stress, PRDX1 molecules form 
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oligomeric complexes, which function as super chaperones, and protect other 
proteins form degradation (Jang et al., 2004). PRDX1 has been claimed to be 
up-regulated in several cancers. The elevated expression has been observed 
both in tissues (Maxwell et al., 2011; Zhang et al., 2009) and in the plasma of 
the	patients	 (Rostila	 et	 al.,	 2012).	Three	peroxiredoxin-1	 spots	were	 identified	
to be differentially expressed after nTiO2 treatment. ENM exposure seemed to 
induce a pI shift to PRDX1, which might be because of acetylation. Acetylation 
has been claimed to enhance the reducing activity of PRDX1 and to be a way 
to protect the protein from overoxidation, which results in inactivation of the 
protein (Parmigiani et al., 2008). Therefore, the pI shift of PRDX1 might be a 
sign of the need for elevated reducing activity in macrophages, possibly because 
of extensive phagocytosis of nTiO2.

Annexin A2, a calcium binding protein involved in cell signaling, vesicle 
transport	 and	 cell-cell	 contacts	was	 also	 identified	 in	 several	 different	 protein	
spots. ANXA2 can also act as a scaffold in membrane-cytoskeleton reorganization 
(Gerke et al., 2005). The fragmented ANXA2 spots present in our study might 
originate in the detachment of ANXA2 molecules from membranes, which has been 
claimed to occur by proteolytic cleavage (Babiychuk et al., 2002). The cleavage 
and detachment of ANXA2 from the membranes after ENM exposure might 
cause membrane rearrangement and possibly disturb segregation-dependent cell 
signaling events.

Acetylation was the only major PTM that appeared to be enriched in 
macrophages after treatment with nTiO2. Reversible lysine acetylation is known to 
regulate histones, which are the most well-known proteins affected by acetylation 
(Pehar and Puglielli, 2013; Choudhary et al., 2009). However, lysine acetylation 
has been also postulated to control the activity of many proteins linked to 
cytoskeleton dynamics (Choudhary et al., 2009), metabolic homeostasis (Xu et 
al., 2013) and protein folding (Choudhary et al., 2009) and degradation (Xiong 
and Guan, 2012). The general lysine acetylation was elevated in cytoplasmic 
proteins of macrophages. Moreover, many of the proteins with altered expression 
after nTiO2 treatment are also regulated by lysine acetylation. Arp2/3 complex 
subunit, the small rho GDP dissociation inhibitor, vimentin, actin and tubulin 
are all involved in the regulation of cytoskeleton dynamics (Choudhary et al., 
2009), similarly pyruvate kinase (Xiong and Guan, 2012), heat shock protein 
HSP 90-alpha, ANXA2, SODM, phosphoglycerate mutase 1 (Choudhary et al., 
2009), all governed by lysine acetylation, underwent expression changes after 
nTiO2 exposure. Overall, lysine acetylation might be a distinct result of nTiO2 
exposure or another indication of macrophage activation. 
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5.4. Health effects of carbon nanotubes (III)

Several reports have been published where certain types of carbon nanotubes have 
induced toxic outcomes in vitro and in vivo prompting comparisons to asbestos-
like effects (Palomäki et al., 2011; Poland et al., 2008; Xiong and Guan, 2012; 
Takagi et al., 2008). The main reasons behind CNT toxicity have been postulated 
as being impaired clearance from the lung due to the high aspect ratio of CNTs 
(Ryman-Rasmussen et al., 2009), impurities leading to ROS formation (Shvedova 
et	 al.,	 2012)	 and	 fiber	 diameter	 (Gernand	 and	 Casman,	 2013).	 Most	 recently	
Shvedova	and	others	(2013)	reported	that	swCNTs	and	carbon	nanofibers	(CNFs)	
were	 able	 to	 induce	 bronchopneumonia	 and	 fibrosis	 one	 year	 post-exposure.	
Disturbingly, large amounts of the materials were still residing in the mice lung 
after one year. They postulated that CNT toxicity emanated from the chemical 
composition and surface area.

Inflammation	 is	 another	 clear	effect	noted	after	CNT	exposure.	Activation	
of	NLRP3	 inflammasome,	 a	 central	 player	 in	 inflammation	 cascade,	 has	 been	
demonstrated	 in	 particle-induced	 inflammation	 (Bhattacharya	 et	 al.,	 2009).	
Related	 to	 this,	 the	NLRP3	 inflammasome	 could	 be	 shown	 to	 be	 activated	 in	
macrophages after exposure to long rigid mwCNTs (R CNTs), whereas long 
tangled mwCNTs (T CNTs) and asbestos could not (Palomäki et al., 2011). In our 
experiments, several of the proteins secreted only after R CNT exposure were 
linked	to	inflammation,	i.e.	CYTB,	PPIA	and	HSPB1	(Gwinn	and	Vallyathan,	2006;	
Rodriguez-Franco et al., 2012; Salari et al., 2013). For example elevated PPIA 
levels	have	been	reported	in	inflamed	tissue	and	in	BAL	of	mice	with	asthmatic	
lung	inflammation	(Gwinn	and	Vallyathan,	2006).	The	secretion	of	these	proteins,	
which occurs from macrophages during their initial response against foreign 
molecules,	together	with	already	proven	inflammasome	activation	is	an	indication	
that	there	is	the	onset	of	inflammatory	responses	after	R	CNT	exposure.

All materials activated lysosome pathway in macrophages according to 
DAVID analysis, but only asbestos and R CNT were able to trigger expression of 
those proteins related to antigen processing and presentation. This in contrast 
to work conducted by Tilton et al. (2013) who reported that antigen presentation 
was activated in THP-1 and SAE cells after exposure to tangled CNT and TiO2 
nanobelts. Most probably cell lines react to stimuli with different sensitivities. 
DAVID analysis was also different able to reveal that only R CNT treatment 
induced	secretion	of	apoptosis	related	proteins	and	this	could	be	verified	by	the	
functional validation. Apoptosis and necrosis, which are believed to occur at the 
onset of silicosis, have been demonstrated in crystalline silica exposed cells (Joshi 
and Knecht, 2013). Therefore, apoptosis might be a potential mediator of R CNT 
induced toxicity. 
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Macrophages secreted lysosomal cathepsin B and pro-cathepsin H after 
exposure to all materials. However, asbestos and R CNT treated macrophages 
secreted also large amounts of cathepsin D and cathepsin S, which were not 
secreted	by	T	CNT	exposed	cells.	This	might	indicate	that	rigid	fibers	evoke	more	
severe lysosomal damage, since the leakage of lysosomal proteins is linked to 
lysosomal	rupture	which,	in	turn,	can	initiate	inflammatory	reactions	(Strowig	et	
al., 2012). In agreement with this hypothesis, lysosomal damage and subsequent 
NLRP3	 inflammasome	 activation	 have	 been	 observed	 in	 R	 CNT	 and	 asbestos	
exposed macrophages but not in T CNT treated (Palomäki et al., 2011). A hallmark of 
NLRP3	inflammasome	activation	is	secretion	of	the	IL-1	family	cytokines;	NLRP3	
inflammasome	activates	caspase-1	which	cleaves	pro-IL-1	family	cytokines	into	
mature cytokines which are then secreted. At the same time, NLRP3 regulates 
pyroptosis which is a distinct form of programmed cell death. Cells undergoing 
pyroptosis	 release	 their	 contents	 and	 trigger	 pro-inflammatory	 effects	 in	 the	
surrounding tissue (Strowig et al., 2012; Bergsbaken et al., 2009). While IL-1 
family cytokines were not detected in the present exposures, activation of NLRP3 
inflammasome	 cannot	 be	 ruled	 out	 since	 secretion	 of	 IL-1	 family	 cytokines	 is	
dependent upon an activation step, usually performed by LPS (lipopolysaccharide) 
treatment, which was not conducted in the present experiments. Moreover, R 
CNT induced LDH leakage from macrophages after 18 hours - which can occur 
in both necrosis and pyroptosis (Bergsbaken et al., 2009). Therefore, one cannot 
exclude the possibility that R CNT induced toxicity, for example as encountered 
in	the	severe	inflammation	in	mice	lung,	is	due	to	pyroptosis.

5.5.  Key points observed in the experiments

r/aTiO2 and rTiO2 silica interacted similarly with cytoplasmic proteins, while the 
most toxic ENM, R CNT, did not adhere with proteins at all (Data not shown), 
suggesting that ENM-protein interactions are not the cause of ENM health effects 
at least in these experiments. However, the protein binding capability of R CNTs 
was not investigated in lower pH, the environment inside the lysosomes. 2D 
DIGE analysis showed that silica coated nTiO2 and uncoated TiO2 evoked similar 
proteome changes to macrophages, while in in vivo experiments silica coated 
nTiO2 was the only material capable of triggering neutrophilia in mice lung (Rossi 
et al., 2010b), therefore the macrophages might not play a crucial role in the lung 
inflammation	caused	by	rTiO2 silica.
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Figure 9. Summary of the observed biological effects caused by tested materials.

There were no clear similarities in the effects induced by nTiO2 exposure and 
CNT exposure, which is most probably because the analyzed protein fractions were 
different in the experiments. The only set of proteins with elevated abundance 
in both macrophage cytoplasm after nTiO2 treatment and in the secretome after 
exposure to R CNT, T CNT and asbestos were cathepsins. Since they are lysosomal 
proteins, the elevation of cathepsin levels might be a sign of lysosomal damage 
(Strowig	et	al.,	2012).	However,	only	rigid	CNT	were	able	to	trigger	signifi	cant	
cell death, a known consequence of lysosomal rupture (Brunk et al., 1997) 
(Figure 9).
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6. CONCLUSIONS AND FUTURE PERSPECTIVES

In this study, we investigated the effects of ENMs on their journey from the early 
stages	when	they	enter	the	body:	first	focusing	on	their	interactions	with	plasma	
and cytoplasmic proteins and then evaluating their effects on crucial cells evoking 
immune responses.

Upon entering the body, ENMs are immediately covered with biomolecules 
such as proteins and lipids, forming a corona around the ENMs. We observed that 
the surface reactivity of ENMs plays a crucial role in protein corona formation, 
however,	the	main	characteristic	determining	the	protein	binding	efficiency	could	
not be distinguished. Nonetheless, a difference was detected in the mechanism of 
corona formation between plasma and cytosolic proteins - plasma protein corona 
formation seemed to depend on both surface reactivity of ENMs and active 
protein tagging by opsonin proteins, whereas cytosolic protein interactions were 
solely surface reactivity dependent. The interactions of ENMs and cytoplasmic 
proteins might be a mechanism of ENM induced toxicity, impairing normal 
cellular	processes.	Since	the	ENM	protein	corona	plays	a	crucial	role	in	defining	
the uptake, toxicity and fate, the analysis of ENM protein interactions should be 
included in their routine characterization before assessing any other effects.

To	 gain	more	 information	 about	 the	 first	 contacts	with	 cells,	 the	 entry	 of	
ENMs to macrophages and lung epithelial cells was examined with transmission 
electron microscopy. All materials were internalized by both cell types and ENMs 
were mainly located inside vesicles. At the same time, it was observed that some 
portion of aTiO2, r/aTiO2, rTiO2 silica, rTiO2 alumina and mwCNTs appeared to 
be free in the cytoplasm enabling interactions with cytoplasmic proteins, while 
mwCNTs were also detected to be protruding through the plasma membrane.

The cytoplasmic proteome changes in the macrophages exposed to silica 
coated and uncoated TiO2 revealed that silica coated TiO2 particles had induced 
stronger changes in protein expression than uncoated TiO2s. Most of the protein 
expression changes were due to prominent phagocytosis, although, signs of 
oxidative burst and possible oxidative stress could also be detected. Moreover, 
exposure to nTiO2 triggered acetylation of cytoplasmic proteins. Finally, since 
macrophages	are	major	effector	cells	involved	in	various	inflammatory	reactions,	
we analyzed secretome changes of macrophages after stimulation with long rigid 
mwCNTs, long tangled mwCNTs and crocidolite asbestos. It was observed that R 
CNT and asbestos treatment resulted in similar protein secretions. The following 
bioinformatics analyses revealed that the proteins secreted by R CNT exposed 
macrophages	 were	 related	 to	 inflammation	 and	 apoptosis.	 One	 can	 speculate	
that the severe toxicity of R CNTs might occur because of lysosome damage, 
inflammasome	activation	and,	possibly,	pyroptosis.
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Proteomics proved to be a useful method for evaluating global changes of 
both intracellular and extracellular proteomes. In addition, large amounts of 
information	on	how	ENMs	modified	 cellular	 function	 could	be	gathered.	Both	
investigations utilizing 2D-DIGE revealed over 100 differentially regulated 
proteins and their proteoforms. Moreover, simple proteomic experiments were 
effective in analyzing the protein corona of different ENMs, providing useful 
information	for	estimating	how	ENMs	influence	to	cells.	By	utilizing	MS-based	
proteomic methods, even greater proteome coverage and dynamic range would 
have been achieved. Gel-free proteomics exercises would have also been more 
readily combined with other systems biology approaches, e.g. transcriptomics.

Since ENMs are highly heterogeneous in their shapes, sizes and surface 
reactivities,	 their	 toxicity	 is	 very	 difficult	 to	 predict.	 Therefore,	 simple,	 robust	
and high-throughput methods capable of screening large numbers of ENMs 
are needed to map the characteristics which determine possible toxic effects. At 
present, proteomics is rarely utilized in ENM safety research. Proteomics could 
provide	 a	 high-throughput	 solution	 to	 nanosafety	 field,	 since	 the	 newest	MS-
based proteomics assays are able to produce vast amounts of both qualitative and 
quantitative data. This data could be utilized not only for safety analysis but also 
for the discovery of novel biomarkers of ENM exposure.

	 Plenty	 of	 research	 is	 still	 needed	 before	 all	 the	 factors	 influencing	 ENM	
associated risks to living organisms are revealed. However, the information 
already known should be used in ENM design to control the harmfulness of new 
nanomaterials. For example, since long and stiff CNTs seem to cause problems, 
the easiest form of protection from putative adverse effects would be to reduce 
the	fiber	length,	if	possible.	Adoption	of	the	safe-by-design	principle	is	imperative	
in order to ensure the full realization of the potential of ENMs. Another important 
point to be kept in mind is that while some forms of ENMs seem to be even more 
hazardous than asbestos, the majority of ENMs appear to be inert and incapable 
of triggering serious health effects. Therefore, all ENMs must not be deemed 
dangerous. Nevertheless, since currently the amount of information about the 
safety of ENMs is limited, the best way to protect the population against possible 
adverse effects is to minimize the probability of exposure.
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